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ABSTRACT 
Levels of emissions to the environment imposed by human activities have been 
growing at an alarming rate over the past few decades. Buildings contribute a 
significant proportion of this total impact because of their consumptions of significant 
material and energy over the lifecycle. Studies have indicated that the building sector 
consumes about 40% of the materials entering the global economy and emits 
approximately about 33% of the environmental emissions. To solve the problem, life 
cycle assessment (LCA) as a powerful tool can be used to analyse their 
environmental effects for a building it includes production and transportation of 
building the materials phase, the construction phase, the operation/ maintenance 
phase and the end-of-life phase.  
However, very few studies have been found concentrating on the construction phase 
of the building. Most of the previous studies either ignore or approximate the effects 
of the construction phase when comparing to the total life cycle environmental 
impacts of the building. Several reasons can be found for this, such as data 
collection and inventory issues, lack of reliable software and site specific 
complications. Following the introduction of carbon tax, (currently not active) the 
contractors and designers in Australia are more interested in reducing the emissions 
at the construction stage. A simple method is lacking which enable users to compare 
and evaluate emissions at various activities at the construction stage. 
Hence, in this study, a process based emission analysis was proposed to critically 
evaluate the environmental emissions from the construction stage of a building. 
Several models and methodologies were also developed to carryout in-depth 
emissions analysis in view of critically investigating the emission patterns in the 
foundation & structure construction stages. These emissions were then converted 
into environmental impacts to compare its significance to the global, regional and 
local environment. Three case studies have been considered for the analysis: two 
typical high-rise residential and one commercial building construction. On-site data 
collection was conducted to obtain the major input data required for the emission 
analysis. Apart from on-site data, energy reports, bill of quantities (BOQ), project 
timelines and daily progress reports were used to collect data. The results were then 
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utilized for developing a simple toolkit that would enable to compare and estimate 
emissions at construction stage with minimum effort. 
Emission results obtained at the foundation construction stage indicated higher 
proportion of greenhouse gas (GHG) emissions from equipment and transportation 
compared to that in the total building construction. Considerable amounts of non-
GHG emissions such as Nitrous Oxides (NOx) and Carbon Monoxides (CO) were 
also recorded at foundation construction level.  Impact assessment for foundation 
construction at the three levels resulted that other impacts apart from global warming 
carry significance at local level. However, indirect emissions such as embodied GHG 
emissions from materials have an overwhelming contribution at the structure 
construction stage of a building. The project level emission analyses acknowledged 
the necessity of an in-depth analysis to identify emission reduction opportunities. 
Scenario analyses on different emission sources and techniques implied that 
resource planning and construction technique selection is critical in minimising 
emissions subjected to satisfying site related constraints. 
The outcomes of this research enable designers and contractors to compare and 
estimate the emissions at the construction stage of buildings and thereby to optimise 
the decision making on effective execution of the construction workflow. These 
outcomes are presented through developed models and methodologies and 
ultimately in terms of a user friendly toolkit with inbuilt databases. These enhanced 
decision making processes enable stakeholders to effectively estimate, analyse and 
compare emissions at different construction stages of buildings.  
 
Keywords: Environmental emissions, construction phase, life cycle assessment, 
building, toolkit, construction techniques 
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1. INTRODUCTION 
1.1 RESEARCH BACKGROUND 
According to the climate change report, annual mean temperature in Australia has 
increased by 0.7°C since 1950 (Garnaut, 2008). Australia would need to go 
considerably further in reducing emissions as part of an effective global agreement, 
with full participation of major developing countries, designed to reduce risks of 
dangerous climate change to acceptable levels (Garnaut, 2011). Thus it is essential 
to utilize possible approaches to reduce energy consumption and environmental 
emissions. Buildings are one of the most dominant sources of resource usage and 
environmental emissions. Studies have shown that buildings account for one-sixth of 
the world freshwater withdrawals, one quarter of wood harvest and two fifth of its 
materials (Guggemos and Horvath, 2005, Chau et al., 2012). Moreover, buildings are 
responsible for more than 25% of the total global CO2 emissions with an average 
increase of about 2.7% annually (Hong et al., 2015, Mao et al., 2013). 
A building is responsible for environmental impacts throughout its life cycle. Most of 
the building emission studies have categorised its life cycle of into Material, 
Construction, Operation and End of Life for evaluation of environmental impacts 
(Chau et al., 2012, Dixit et al., 2013). Although the concept of environmental 
emissions with life cycle of a building is well defined and analysed, only a handful of 
studies have concentrated on the environmental impacts of a building throughout its 
life cycle (Guggemos and Horvath, 2005, Junnila and Horvath, 2003, Junnila et al., 
2006b). Most of the previous studies have only concentrated on environmental 
impact studies on use and materials phases of a building. Figure 1.1 summarizes the 
life cycle considerations in 50 previous studies on building emission. It signifies that 
the construction stage is the least considered phase in the relevant studies. The 
main reason is because emissions at construction phase were found to be 
responsible only for 3% to 11% of the total building emissions (Guggemos and 
Horvath, 2005). In addition, several other issues such as data collection, modelling 
and inventory selection have compelled studies to ignore emissions at the 
construction stage.  
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Figure 1.1 Life cycle considerations in different building emission studies 
However, a handful of emission studies have made attempts to exemplify the 
importance of construction stage emissions at an aggregate level. Guggemos et al 
(2003) have indicated a great impact at construction stage of a building to local 
community from environmental emissions. Several other studies have highlighted the 
significance of environmental impacts from resource usage at certain stages of 
construction (Forsythe and Ding, 2014). However none of the previous emission 
studies have made attempts to comprehensively estimate and compare emissions at 
different construction stages of a building. With more research findings concentrating 
on energy-efficient buildings, the issue with environmental emissions associated with 
construction has triggered a lot of interest not only among the researchers but also 
the designers and contractors worldwide. Especially considering the Australian 
condition, introduction of the Carbon Tax has urged the designers and the 
contractors to concentrate on construction techniques and methods with minimum 
impacts to the environment (Wong et al., 2012).  
Life Cycle Assessment (LCA) is a technique that has been widely adopted by 
researchers to measure and compare environmental impacts of a certain product or 
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process (Finkbeiner et al., 2006). LCA can evaluate the environmental impacts of a 
building from cradle to grave. Thus, an ideal LCA of a building should incorporate 
environmental emissions from raw material acquisition and manufacture, 
Construction, Use and Operation, Maintenance to End of Life. However, conducting 
a LCA using commercially based software consumes a considerable amount of time 
due to complicated modelling work. In addition, most of the commercially available 
LCA software lacks a reliable inventory to analyse environmental impacts at 
construction stage. For instance, their inability to capture unique emissions from 
construction equipment is a major drawback of the current inventories. Furthermore, 
contractors also seek the urgency to explore emission reduction methods by 
effective planning of the construction stage. 
Therefore, a study was initiated to critically evaluate the environmental emissions at 
the construction stage of buildings. The research focused on two aspects to achieve 
the intended objectives. The first was to comprehensively investigate and evaluate 
environmental emissions and the associated environmental impacts at construction 
stages of a building. The second was to develop a simple user friendly toolkit that is 
able to estimate and compare emissions from different construction activities. The 
toolkit is also expected to provide a detailed emission comparison at activity level 
which eventually assist the decision making process. 
1.2 SIGNIFICANCES OF THE RESEARCH 
The study aimed to contribute to the current knowledge of emissions and LCA 
studies in building construction. Moreover the outcomes of the research addressed 
the research gaps in emission studies at the construction stage.  
The current research study is significant in the following aspects: 
 Most of the previous studies either have neglected or given less attention 
towards the construction stage of a building during the emission studies of a 
building due to various limitations and complications; 
 Former literature studies have highlighted the significance of emissions during 
the construction stage at an aggregate level; 
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 Analysis of emissions studies at the construction stage would provide strong 
evidence to support life cycle effects of buildings; 
 Provide guidelines for sustainable design, planning and management of 
construction stage of  a building to benefit the community; and 
 The study can upgrade the decision making process regarding the 
environmental impacts associated with high rise commercial building 
construction. 
The outcome of the study can benefit architects, engineers and contractors in 
effective decision making to minimize environmental emissions at the construction 
stage of buildings. Moreover the proposed decision making toolkit enables the 
design and construction team to efficiently plan construction activities and employ 
machines and equipment to minimize energy consumption and emissions. 
1.3 RESEARCH PROBLEM  
A constructive research problem which affects the construction industry framed the 
foundation of the research. 
‘Construction industry is often associated with substantial amounts of environmental 
emissions and unavailability of a simple tool to measure these emissions with 
minimum effort concerns the interested stakeholders How to measure these 
emissions effectively and to develop a tool which will enable the users to evaluate 
the emissions at construction stage with minimum effort?’  
1.4 RESEARCH QUESTIONS  
Five distinct research questions forms the basis of the research. The questions are 
listed as follows:  
1. What is the optimum and practical method to evaluate the carbon emission 
profile for different construction activities of buildings? 
2. How to compare and evaluate environmental emissions of different 
construction techniques/ practices available for building typical structures, 
from LCA perspective?  
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3. How to develop a decision making toolkit that would be able to capture 
environmental emissions of the key identified elements? 
4. How to validate the developed toolkit, collected data and obtained results? 
5. What actions can be taken to reduce these emissions from construction 
activities? 
The first question critically explores the optimum and practical method of LCA (out of 
the traditional and hybrid method available) that can be adopted to evaluate 
emissions of construction activities. This was achieved through extensive literature 
review and private consultations with LCA experts. The second question investigates 
how to compare and evaluate environmental emissions of different construction 
activities. This initially identified the typical components and construction activities of 
a building with potential environmental emissions. After the critical components and 
the activities were identified, an analytical study was carried out on how to compare 
and evaluate emissions associated with these components and activities. The third 
question tries to identify the methods to develop a decision making tool to capture 
the emissions of construction activities with minimum effort. This helps in reducing 
the complications in decision making process of the users. The fourth question 
examines the methods that are available for validating the data and the results. Final 
step was to investigate the possible methods of reducing these emissions from 
construction activities. Basically the first two questions were completed by extensive 
literature review while the methodology addressed the third research question. 
Results and conclusion section focused on the fourth and fifth questions.   
1.5 RESEARCH OBJECTIVES 
Following specific objectives are summarised based on the research questions 
developed in the preceding section: 
 Objective 1: Enhance the significance of environmental emissions at the 
construction stage; 
 Objective 2: Identify the key elements that would contribute to environmental 
emissions and impacts of construction activities and measure those 
emissions; 
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 Objective 3: Develop a mathematical models and methods to evaluate and 
compare the emissions for different construction activities; 
 Objective 4: Develop a decision making toolkit that can capture and compare 
environmental emissions to benchmark the decision making process; and 
 Objective 5: Validate the toolkit and methods and propose areas of 
improvements in minimizing the environmental emissions of those 
construction activities. 
The first two objectives are designated to resolve research questions 1 and 2. It aims 
to critically identify the emission sources at the construction phase and to investigate 
the best method to carry out a comprehensive emission evaluation at the 
construction stage of a building.  The third objective is to develop well-defined 
mathematical models and methodologies which can effectively capture all the 
emissions at the construction stage. Several limitations and assumptions of the 
research study are also defined in this objective. This objective is designed to find a 
solution to research question 3. 
 
The fourth objective is to develop a toolkit to allow users for effective estimation of 
emissions at the construction stage. It aims to further develop the toolkit in order to 
enhance the decision making process by providing detailed emission analysis at 
activity level. The objective intends to acquire a solution for research question 4. The 
final objective is to validate the developed toolkit using statistical methods and 
analysed data. The validated toolkit is then used to benchmark emissions at 
construction phase and to propose alternatives to minimize the same. 
1.6 RESEARCH SCOPES 
Accurate definition of the research scope is one of the main challenges of conducting 
a LCA study. Proper definition of research scope can determine the system 
boundary for the intended study and highlight the assumptions and limitations. 
Failure to identify the scope properly would result in distorted results and 
conclusions.  
The research scopes cover several areas including: 
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1. Identifying critical construction activities that contribute to environmental 
impacts in commercial building construction – Construction phase of a 
building includes several activities. All these activities do not equally contribute 
significantly towards environmental emissions. Hence this task tries to identify 
critical construction activities that have significant environmental emissions. 
Extensive literature reviews and constant industry consultations help to achieve 
this task. 
2. Defining a conceptual framework to identify the ideal system boundary and 
the functional unit – The life cycle of a building comprises a large number of 
components that contributes to the total emissions. However, it is practically 
impossible to include all the components in an analysis. Therefore, this task can 
define an initial system boundary to identify which components of a building 
should be included in the analysis. It also can determine on what basis the study 
should be compared. This can be done by identifying and defining an accurate 
functional unit. This task was achieved by analysing previous literatures. 
3. Developing a LCA model to capture and comparing environmental 
emissions in construction phase – Mathematical models were developed to 
capture environmental emissions from critical construction activities, emissions 
from machines and equipment, transportation of materials/labour and equipment, 
and electricity usage at the site. Some of these models were adopted from 
previously published inventories while others were self-developed to meet the 
project objectives. Moreover impact methodology for the evaluation of 
environmental impacts at various construction stages was developed.  
4. Critically analysing the environmental impacts of different construction 
activities – After completing the above tasks, a comprehensive emission analysis 
was carried out to estimate, compare and analyse environmental impacts at the 
construction stage.  
5. Developing a toolkit to identify the environmental emissions associated with 
construction activities and validating the toolkit developed - A toolkit was 
developed to capture the environmental emissions in construction phase of a 
building. The results and the developed LCA model were utilized in developing the 
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toolkit. Apart from the results, experts’ advices were utilized in further improving 
the quality of the toolkit.  This enables the contractors and designers to evaluate 
and compare the environmental emissions in construction activities. Thus this can 
upgrade the decision making process to create an environmentally friendly design. 
The developed toolkit was validated using standard validation methods in 
assistance with the analysed results and data.     
1.7 PROPOSED RESEARCH CONTRIBUTION 
The following research contributions are expected to be achieved from the current 
study, including both theoretical and practical contributions: 
 Analysis and comparison of emissions at the foundation and structure 
construction activities of a building; 
 Development of mathematical models and frameworks to enable a 
comprehensive analysis of emissions at the construction stage of a building; 
 A selection criterion for the most suitable emission factor standards when 
estimating emissions from construction equipment; 
 An impact assessment methodology for  assessment impact due to 
construction on global, regional and local environment level; 
 Decision making tool to achieve the following functions in an emission study 
at the construction stage of a building; and 
 Development of a user friendly web based toolkit. 
Research work has been carried out to achieve the above research contributions. 
The progress of the research with respect to research contributions are shown in 
Figure 1.2.  
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Figure 1.2 Research contributions with research progress 
1.8 OVERVIEW OF RESEARCH 
The research process follows a systematic exploratory process as shown in Figure 
1.3. An initial literature review was started to broadly investigate the research gap in 
emission studies at construction phase of buildings. Once the research gap was 
identified, in-depth literature review was initiated to identify the methods to evaluate 
and compare emissions at construction phase of a building effectively.  
Knowledge obtained from literature review was used to develop a methodological 
framework to cover the most important sources at construction phase effectively. 
The developed methodological framework was utilised to develop the mathematical 
models. Data were collected from three construction case studies. The collected 
data along with previously obtained literature data were utilised to carry out a 
comprehensive analysis to estimate and compare emissions at construction stage of 
buildings. Autonomously, a toolkit was developed to estimate and compare 
emissions at construction phase. 
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Figure 1.3 Research process 
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1.9 OVERVIEW OF CHAPTERS 
Chapter 1 describes the background of the research, followed by the research gap 
and significance. These three subsections describe the current research problems 
and significance of the research while establishing grounds for developing the 
research framework. Subsequently chapter 1 illustrates the research objectives, 
problem, questions, scope, contribution and a brief overview of the research and 
chapters in the thesis. The chapter also describes the research timeline with the 
milestone achievements. 
Chapter 2 provides a comprehensive review of literature for all the relevant research 
areas. Five key areas have been discussed, including green construction practices, 
environmental impact assessments, environmental emissions in a building, emission 
evaluation and validation methods. These five areas develop the flow of the research 
to establish the foundation and identify the research gaps for developing a 
comprehensive methodology. 
Chapter 3 demonstrates the important steps in the research methodology. The 
research methodology is defined to suit the research objectives and research scope. 
The initial parts of the chapter focus on defining the study setting and methodological 
framework for the research study. The chapter then defines the models and 
methodologies for estimation of emissions at the construction stage of a building. 
The chapter concludes with a brief description on the data collection process and the 
stages of building construction considered for the emission study. 
Chapter 4 discuss the project level emission results obtained from the case studies. 
These emission and impact results are comprehensively explained at foundation and 
structure construction stages and the significant findings are presented. The chapter 
winds up by stating the limitations of a project level emissions analysis at building 
construction stage and explains the necessity of conducting an-depth emission 
analysis to draw more conclusive results. 
Chapter 5 is defined to explain the gap identified in the previous chapter. Thus it 
demonstrates the development of models, frameworks and methodologies to 
conduct an in-depth emission analysis at the construction stage of buildings. The 
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validation and the verification of the models and methodologies are also presented at 
the later stages of the chapter.  
Chapter 6 provides the insights of emissions at building construction stage by 
considering different scenarios. A number of scenarios to include emissions from 
materials, equipment usage and transportation are extensively discussed to identify 
both direct and indirect emission reduction possibilities.   
Chapter 7 comprehensively illustrates the development process of the toolkit to 
measure environmental emissions at construction phase. It elucidates a 
comprehensive analysis from the initial steps of excel based toolkit development to 
the web based toolkit development. It also discusses the capabilities, structure, 
framework, calculation steps, limitations and assumptions of the toolkit.  
Chapter 8 draws out the conclusions of the analysis carried out in this study. This 
chapter provides a full illustration of the research contribution and the practical use of 
the research. It further provides recommendations and suggestions on how to 
improve the research focus on concerned areas.  
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2. LITERATURE REVIEW 
Literature review was categorised into four sections to critically investigate the 
research topic and the research gap. In section one, an in-depth review of green 
buildings and green building standards was initiated. The knowledge attained was 
then employed in understanding green construction practices. A detailed study was 
conducted on frequently practiced construction techniques in buildings to understand 
the major emission sources at construction stage. The major focus of the next stage 
was to differentiate environmental emissions at construction phase from buildings. 
Once a thorough understanding was obtained on emissions at construction phase, a 
systematic study on LCA was initiated in identifying the conceptual framework of an 
emission study. A complete examination was then carried out on finding the capacity 
of the commercially available software to evaluate emissions at construction phase. 
The next stage concentrated on evaluation of emissions using mathematical models. 
Previous emission evaluation models were critically investigated to obtain the best 
approach to evaluate emissions at construction phase. Finally, review studies were 
conducted on validation and interpretation analysis. Figure 2.1 shows a general 
layout of the literature review of the study. All the research gaps formed after every 
review stage were then used to form the final research gap. A detailed explanation of 
the above mentioned topics with reference to literature review are provided in the 
following chapters.  
LITERATURE REIVEW
Green Buildings & 
Standards
Background study
Research Specific 
study
Life cycle 
assessment tools 
and software
Emission studies on 
buildings and 
construction 
techniques
Inventories for 
emission factors
Validation 
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CASE STUDIES ANALYSIS MODELS
 
Figure 2.1 Literature review breakdown 
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2.1 GREEN BUILDING CONCEPT AND ENVIRONMENTAL BUILDING 
ASSESSMENT METHODS 
 GREEN BUILDINGS 2.1.1
Green building is a structure that has minimal environmental impacts and human 
health effects on ecosystems with minimum resource use over its life cycle. In other 
words, a building that has environmentally friendly materials, energy-efficient 
operation techniques, minimum environmental emissions during construction and 
optimum living conditions for its inhabitants is called a green building (Wilson, 2006 ). 
A typical green building is a representation of high environmental, engineering, social 
and economic performance. These high performance levels can be obtained by 
providing improved indoor air quality, resource conservation and efficient 
construction techniques. Green buildings are designed to reduce environmental 
emission and energy consumption. Thus, it indirectly contributes towards reduction 
of life cycle costs (LCC). The history of green buildings runs back to early 1970s 
where solar panels were used in residential buildings to minimize the energy 
consumption. Since then, rapid advancements have been taken place in the field of 
green buildings. 
According to Charles J. Kibert (2012): 
“Green building refers to the quality and characteristics of the actual 
structure while adopting the sustainable construction principles” 
He further explains that although green buildings could be more expensive at initial 
stages, it becomes economical from LCC point of view. For instance, studies have 
shown that 40% GHG emissions, 70% electricity consumption and 12% water 
consumption in a conventional building can be reduced in a green building and 
thereby achieving 30% reduction in utility bills (Chhatri, 2014). This can compensate 
the initial 1-5 % increase in capital cost and may lead up to enormous economic 
savings (Sandanayake and Chandramohan, 2013). 
Although there is a swift change in accepting green buildings as a replacement for 
conventional buildings, certain industries are still reluctant to adopt green 
technologies in their designs. Lack of LCC knowledge, increased capital cost, budget 
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separation at different stages and complex construction techniques are some of the 
main reasons for this reluctance. Moreover, the amount of energy savings is highly 
dependent on the occupants which have no connection to the quality of the building. 
For instance, even though a building consists of maximum natural light usage, the 
occupant has the option of using lights which will increase the energy use. This can 
be avoided by proper awareness programs.  
 BUILDING ASSESSMENT METHODS 2.1.2
2.1.2.1 LEED 
Leadership in Energy and Environmental Design (LEED) is a building rating system 
which is developed by United States Green Building Council (US GBC) in 1998 (Gu 
et al., 2006). It is one of the prevalent building rating tools that is widely accepted in 
United States. User friendliness with simple algorithms is the major reason for its 
popularity over other building rating systems. Moreover, US GBC provides 
fundamental training workshops to maintain its reputation at a higher standard (Gu et 
al., 2006). 
LEED is a self-assessing rating system which has the capability of rating both new 
and existing commercial, institutional and high-rise residential buildings (Seo, 2002). 
A simple checklist enables valuable information for the practitioner on how to 
achieve credit points by satisfying each criterion. This checklist is simple yet 
comprehensive in scope as it covers all the essential aspects of a sustainable 
building. According to the credit points obtained the building is certified as silver, gold 
and platinum. These credit points are awarded after satisfying seven prerequisite 
criteria for the performance categories.  
Table 2.1 Prerequisites/ objectives to achieve LEED rating certification (Seo, 2002) 
Criteria Prerequisite Objectives 
Sustainable 
Sites 
Erosion and  
Sedimentation Control 
Reduce negative impacts on water and air 
quality by control of erosion 
Energy & 
Atmosphere 
Fundamental Building  
Systems  
Commissioning 
Ensure that fundamental building elements 
and systems are designed, installed and 
calibrated to operate as intended 
Minimum Energy  Establish the minimum level of energy 
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Performance efficiency for the base building and systems 
CFC Reduction in  
HVAC Equipment 
reduce ozone depletion 
Materials &  
Resources 
Storage and Collection  
of Recyclables 
Facilitate the reduction of waste generated 
by occupants and dispose them in landfills 
Minimum IAQ  
Performance 
Establish minimum indoor air quality (IAQ)  
performance to prevent the development of 
indoor air quality problems in buildings, 
maintaining human health and well-being  
Indoor  
Environmental  
Quality 
Environmental  
Tobacco Smoke (ETS)  
Control 
Prevent exposure of building occupants and 
systems to environmental tobacco smoke 
2.1.2.2 BREEAM 
Building Research Establishment Environmental Assessment Method (BREEAM) is 
the world’s oldest and predominant rating system adopted across Europe, especially 
in UK. BREEAM has gained significant reputation as a tool for buildings 
environmental performance calculation. It was initially launched in 1990 by Building 
Research Establishment Limited in UK. 
“BREEAM is one of the prominent environment assessment tools 
available for buildings, with more than 400,000 buildings certifications 
since it was first launched in 1990. BREEAM is an internationally 
recognised brand and it sets the platform for a sustainable design, 
construction and operation. BREEAM’s rating system is simple and it 
has a direct influence on design, construction and management 
stage with a meticulous certification system to incorporate all 
environmental aspects (Taylor and Ward, 2015).”  
One of the major attributes of BREEAM is the different versions for various building 
types, i.e., BREEAM Offices for office buildings, BREEAM Eco homes for residential 
buildings and BREEAM Industrial for industrial buildings (Taylor and Ward, 2015). 
Similar to LEED certification system, BREEAM classifies its categories into 
management, health & wellbeing, energy, transport, water, materials and waste 
(Roderick et al., 2009). The credit points achieved in each of the category is then 
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summed up to award one rating out of the six. However, there is a minimum of credit 
points to be achieved for each of the category. The corresponding ratings with its 
percentage score is shown in Table 2.2.  
Table 2.2 BREEAM rating system 
BREEAM Rating % Score 
Unclassified < 30 
Pass ≥ 30 
Good ≥ 45 
Very good ≥ 55 
Excellent ≥ 70 
Outstanding ≥ 85 
Table 2.3 Assessment criteria in BREEAM  
Criteria Description 
Management  Policy issues 
 Commissioning issues 
 Procedural issues 
Health & well-being  Day lighting 
 Sound insulation 
 Private space 
Energy   CO2 emissions 
 Building envelope performance 
 Drying space 
 Eco labelled white goods 
 External lighting 
Transport  Public transport 
 Cycle storage 
 Local amenities 
 Home office 
Water  Internal water use 
 External water use  
Materials  Timber: basic building elements 
 Timber: finishing elements 
 Recyclable materials 
 Environmental impact of materials 
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Waste  Construction waste 
 Recycling 
2.1.2.3 GREEN STAR 
GREEN STAR is an internationally reputed building rating system developed by 
Green Building Council, Australia (GBCA) in 2003. It is the only national, voluntary 
organization which provides rating system in built environment (GBCA, 2015). Green 
Star aids in improving the environmental performance of a building while enhancing 
the wellbeing of the communities. Four different Green Star rating tools are available 
for assessment of a building: 
 Green Star – Design and as built 
Evaluate the environmental performance of design and construction of 
different types of buildings. 
 Green Star – Interiors 
Enhancing the performance of interior fit outs of various commercial buildings 
 Green Star – Communities 
Upgrade the sustainability of projects under community scale 
 Green star – Performance 
Develop higher standards in performance at existing buildings 
Green Star evaluates buildings under 9 different environmental impact categories. 
They vary from management, indoor environment quality, energy, transport through 
water, materials, land use to emissions and innovation (GBCA, 2015). An 
assessment can achieve one out of the six star ratings available under the four rating 
tools. Green Star performance tool can achieve a rating from 1-6 whereas the other 
rating tools can achieve a rating from 4-6.  
A five-step procedure is available for obtaining the Green star certification: 
1 Registration – Projects could be registered online; 
2 Documentation – A range of required documents should be submitted during 
the design, construction and operation stages of the project; 
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3 Submission – All the documents in the above step are submitted to GBCA 
for evaluation; 
4 Assessment – An independent panel will assess the submission based on 
the nine impact categories; and 
5 Certification – based on the credit points achieved a suitable green star 
rating is awarded for the project. 
Table 2.4 Green star rating criteria 
Green Star Rating Range of points Interpretation 
One Star 10 - 19  Minimum Practice 
Two Star 20 - 29  Average Practice 
Three Star 30 - 44  Good Practice 
Four Star 45 - 59  Best Practice 
Five Star 60 - 74  Australian Excellence 
Six Star 75 or more  World Leadership 
2.1.2.4 CASBEE 
Comprehensive Assessment System for Building Environmental Efficiency 
(CASBEE) is tool developed by Japan Green Building Council. Since 2001, 
developments have been undertaken to enhance the efficiency of the tool. Thus far 8 
different CASBEE tools have been developed: 
 CASBEE for building (New building) 
 CASBEE for building (Existing building) 
 CASBEE for building (renovation) 
 CASBEE for market promotion 
 CASBEE for heat island 
 CASBEE for urban development 
 CASBEE for cities 
 CASBEE for home (detached house) 
CASBEE evaluates a product under two aspects: environment quality and 
environment load. The quality aspect (Q) assesses the improvement of the living 
quality of the property within an assumed boundary whereas the load aspect (L) 
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evaluates the negative impacts which extend beyond the imaginary boundary.   An 
environmental index called Built Environment Efficiency (BEE) is proposed by 
forming the gradient (Q/L). It is defined that higher the gradient, the more sustainable 
the building is. Based on this approach, five zones of sustainability is defined and 
buildings are ranked from poor to excellent by class C, class B-, class B+, class A, 
and class S, in an order of increasing BEE value. Figure 2.2 shows these five 
classes for building raking. 
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Figure 2.2 Environmental labelling according to CASBEE (CASBEE, 2015) 
2.1.2.5 VERDE 
VERDE is a Spanish method which is designed for the assessment of all life cycle 
stages of a project (Sinou et al., 2006). It was developed by the Arquitectos 
Urbanistas e Ingenieros Asociados (AUIA). The method defines three phases of 
assessment: 
1. HV1 the pre-design phase assessment intends to identify any potential 
sustainable performance available at the end of pre-design stage of the 
project 
2. HV2 design and construction phase assessment intends to indicate the 
potential sustainable performance before the occupancy. It can be either at 
the end of design or construction stage  
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3. HV3 operation phase assessment concentrates on actual performance of the 
project which can be effectively used for certification process 
The main objective of VERDE-HV2 is to evaluate environmental impacts of newly 
constructed buildings. It covers a variety of building environmental issues such as 
environmental loadings, resources exhaustion, emission to air, water and solid 
wastes, local regional impacts, indoor environment quality, and quality of service 
including social and economic aspects. The evaluation process is based on GBTool 
which uses weighted criteria. It categorises the performance into 6 different sections 
with a value 0 to 5 while 0 represents the minimum requirement and 5 is the best 
practice. 
 SUMMARY/ RESEARCH GAP 2.1.3
Five major green building assessment methods have been reviewed under the topic 
building rating systems. The review facilitates an understanding of the evaluation 
criteria of a green building certification. It has also stipulated the criteria for obtaining 
green buildings. It can be observed that the majority of criteria provided in these 
tools represent environmental sustainability while others reflect economic and social 
considerations. However it is further witnessed that construction phase of a building 
is not given direct attention in most criteria. Even though impacts at construction 
stage are included in rating systems, they are not compulsory requirements. For 
instance, minimum credit score under energy criteria BREEAM can be easily 
achieved even without considering CO2 emissions at construction stage. This could 
be one of the major reasons for emission studies to neglect emissions at 
construction stage.  
2.2 ENVIRONMENTAL IMPACTS ASSESSMENTS 
 INTRODUCTION 2.2.1
Environmental Impact assessment (EIA) techniques have a great history with its 
initial commencement run into the 17th century (Lawrence, 2003). However, the first 
legislated and systematic procedure was initiated with the introduction of National 
Environmental Policy Act (NEPA) in United States in 1969. Since then EIA has been 
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effectively adopted in over 100 countries at both public and private activities to 
measure the environmental impacts.  
EIA can encompass different definitions based on the scope, objectives and the field 
of application. According to Lawrence (2003), EIA is defined as: 
“The systematic process of identifying, describing, measuring, 
predicting, integrating, communicating, and involving and controlling, 
Potential or real impacts that can be direct and indirect (Lawrence, 
2003)” 
Another study (Munn, 1975) defines EIA as: 
“The process to identify and predict the environmental and human 
health impacts in order to narrow them at the early stage of 
execution.” 
According to Glasson et al (2013),  
“EIA is process or technique which collects information about 
environmental effects of a project from to various sources to come to 
a conclusion whether the project is feasible or not.” 
There are numerous EIA techniques which are widely used to assess different 
impacts of a project. These types of EIA can vary significantly according to the 
scopes, objectives and their limitations. Table 2.5 illustrates the majorly used EIA 
techniques and their assessment methods.  
Table 2.5 Various EIA types with their assessment methods  (Lawrence, 2003) 
Impact assessment type Assessment method 
Ecological Potential Environmental impacts 
Social Impacts on social environment including people and 
surrounding communities 
Strategic environmental (SEA) Environmental impacts of a policy, plan or program 
Human health impact (HIA) Human health effects on a proposed action 
Sustainability appraisal (SA) How action contributes to or undermines ecological and 
societal sustainability 
Life cycle Assessment (LCA) Environmental impacts of a product or process 
23 
 
throughout its life cycle 
Integrated environmental (IEA) the ecological, economic, social and institutional effects 
of societal activities and government policy, across 
policy sectors 
  
Although LCA is a type of EIA method it has gained immense reputation as an 
environmental assessment tool. This is because LCA is a technical, data based and 
holistic approach that has the capacity to evaluate environmental impacts of a 
product throughout its life cycle (Curran, 1994). Since LCA is known to be a 
systematic approach of evaluating environmental approach it is selected for further 
criticism.  
 LIFE CYCLE ASSESSMENT (LCA) 2.2.2
Life Cycle Assessment (LCA) is a powerful tool used by many researchers to 
evaluate environmental impacts of a product or process over its life cycle (Klöpffer, 
1997). Thus, LCA provides a comprehensive analysis of environmental impacts from 
material extraction to final disposal. LCA is known to be a quantitative approach 
which provides a complete cradle-to-grave approach, while bringing all the possible 
impacts into one constant framework. This provides the practitioner an excellent 
foundation to analyse all the environmental impacts along the whole system of unit 
processes of the product or process. Another basic advantage of this approach is 
that it avoids misinterpretation of the results. This is because the conclusions are 
made based on the impact of final consumption product since it is the driving force. 
For example, use of plastic bags in place of paper bags will reduce the resource 
consumption, but the production process of plastic bags release huge amounts of 
emissions than that of paper bags production. Therefore, a conclusion can be made 
only after consideration of all these aspects. However, it is seen that different studies 
shorten the approach of analysis to suit the objectives and outcomes of their studies 
which could result in distorted results (James and Grant, 2005, Ross et al., 2002).  
LCA can be effectively used to compare two products following their environmental 
impacts, to develop a new product and to understand the defects of a product. It can 
be the fundamental step towards assigning environmental friendliness into a product 
or process. Even though LCA is a useful tool for analysis of environmental impacts of 
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a product it may inherit several limitations. One such limitation is that it is unable to 
address the localised impacts. Some of the other limitations include inability to 
incorporate technology developments, linearity assumption, and negligence of 
economic aspects (Guinée, 2002) 
2.2.2.1 LIFE CYCLE OF A BUILDING 
Life cycle of a building can be defined differently according to the objectives of the 
study that needs to be addressed. It includes investment planning stage, design and 
construction stage, commissioning stage and end of life stage if the research focus is 
on life cycle costing aspect (Zhang et al., 2013, Arditi and Messiha, 1999, Carter and 
Keeler, 2008). This definition does not remain the same if the objective is 
concentrating on environmental emissions. When environmental emissions are 
considered, life cycle of a building can be defined as the view of different phases of a 
building over its life time that addresses environmental impacts. Thus a typical life 
cycle of a building includes material extraction and production phase, construction 
phase, use and maintenance phase and end of life phase (Zabalza et al., Diakaki 
and Kolokotsa, 2009, Sartori and Hestnes, 2007). Each phase possess different 
levels of environmental emissions and therefore various studies confer different 
significance levels to these phases based on the scope and the objectives of the 
study (Junnila et al., 2006b, Zabalza Bribián et al., 2011, Ramesh et al., 2010, 
Junnila and Horvath, 2003).  
BUILDING LIFE CYCLE
Material phase
Construction 
phase
Use Phase End-of-Life phase
 
Figure 2.3 Building Life cycle from emissions perspective 
2.2.2.2 INTERNATIONAL STANDARDS/ DEVELOPMENTS 
SETAC (Society of Environmental Toxicology and Chemistry) was the initial 
organization to develop LCA application when it held their first workshop in late 
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nineties (Guinée, 2002). Soon after this, another workshop was held in Leuven, 
Belgium to further enhance these developments. These inaugural workshops pave 
the way for two different groups of LCA development in North America and Europe 
which had been the driving force in LCA development for quite a number of years. 
To overcome the discrepancies of both groups, the introduction to one standard of 
‘code of practice’ for LCA had been developed, performed under International 
Organisation of Standardisation (ISO).   
The 14040 series is the ISO standard relating to LCA. ISO 14040 provides the 
principles and framework for carrying out LCA whereas ISO 14044 provides 
requirements and guidelines for LCA. A thorough understanding of both the 
standards is required before commencement of a LCA.  (Finkbeiner et al., 2006).  
2.2.2.3 Major steps of LCA 
The guidelines provided in ISO are accepted over most countries as the standards 
guideline for carrying out a LCA study. According to ISO 14040 a complete LCA 
should contain four phases as shown in Figure 2.4. These four phases could be 
effectively used in direct applications. This is an iterative process and all the 
activities will have to be refined based on a certain modification to one phase. 
LIFE CYCLE ASSESSMENT FRAMEWORK
Goal and 
Scope 
definition
Inventory 
analysis
Impact 
assessment
Interpretation
Direct applications
 Product development 
and improvement
 Strategic planning
 Public policy making
 Marketing
 Other
 
Figure 2.4 Phases of an LCA (Finkbeiner et al., 2006) 
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The first phase is to define the scope and goals of the LCA study. The goals of a 
study should define the application, reasons and requirements for carrying out the 
analysis and the targeted audience. Targeted audience is the intended people whom 
the outcome of the study addressed. An ideal scope definition should include the 
following items (ISO14040, 1997): 
 The functions and the functional unit of the study – A functional unit is a 
measure of the output of the study. It provides the relationship between the 
inputs and outputs which will provide a comparability of LCA results. A poorly 
defined functional output can completely distort and misinterpret the whole 
results. Therefore a correct definition of functional unit is essential for an LCA 
study. 
 The product system and the system boundary – A system boundary is one 
of the main requirements of an LCA study because it addresses the cut-off 
criteria, assumptions and data constraints. 
 Data quality requirements and assumptions – Data quality requirements 
express the precision and completeness of data while addressing the 
uncertainty involved in them. 
 Criteria for impact assessment and interpretation methods – A proper 
interpretation method should be provided for impact assessment. The criterion 
is further explained in the impact assessment phase.  
A well-defined scope for an LCA study will make sure that the study has potential 
dimensions to achieve the goals specified. The second phase, inventory analysis is 
the data collection and calculation process which ultimately quantifies inputs and 
outputs. The number of inputs and practical difficulties will decide the complexity of 
the data collection process.  These constraints should be addressed properly in the 
scope of the study. Impact assessment is the third phase and it evaluates the 
relative importance of each environmental impact results from the inventory analysis. 
Impact assessment is associated with four major steps: 
1 Classification – It assigns the used inventory data into impact categories; 
27 
 
2 Characterisation – the classified inventory data are characterised into the 
specified impact categorises; 
3 Normalisation -  the characterised data are then normalised using a standard 
normalisation factors; and 
4 Weighting – Aggregate the normalised results to address the specific cases 
by using a well-defined weighting criteria. This weighting criterion is not a 
scientifically defined process. Different practitioners and organizations may 
use a different weighting criterion for the same normalised results. Therefore it 
is recommended to carry out a sensitivity analysis to review the results and 
the choice of weighting criteria. 
Interpretation phase is the final and the most of the important phase because it 
investigates the completeness and the accuracy of the first three steps in LCA. 
According to ISO 14044 (2006), interpretation phase provides the following elements 
to an LCA study: 
 It investigates the issues and the validity of the inventory analysis results; 
 It estimate the completeness and the sensitivity checks for the obtained 
results; 
 It provides conclusions and suggestions while clearly stating the limitations; 
and 
 Report the obtained results to the intended audience.  
The standards encourage carrying out an external critical review independent from 
the LCA study. Experts who are familiar with the standards and experts in the 
concerned field with scientific and technical expertise should be contacted in carrying 
out this critical review.  
2.2.2.4 LCA methods/approaches 
Assessment of life cycle impacts can be evaluated based on three major approaches 
including process based analysis, Input output based analysis and hybrid analysis. 
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Process based LCA method is the most commonly used method by most of the 
researchers across the globe to evaluate the environmental impacts (Chau et al., 
2012, Mao et al., 2013, Chau et al., 2007, Acquaye and Duffy, 2010). The main 
reason is that process based LCA makes it easier to address the model and the 
system boundary as long as enough data is available for analysis. Process analysis 
collects environmental inputs for all activities in a process to evaluate the 
environmental impacts in the form of output. Therefore, the accuracy and the 
reliability of the analysis mainly depend on the quality and the accuracy of the input 
data used for the analysis. Unavailability of enough quality data has always been a 
major issue when adopting process analysis in built environment. It also suffers from 
limitations such as issues with system boundary, data accuracy and reliability and 
upstream truncation errors etc. As long as the quality, accuracy and availability of 
data can be assured, process analysis is the most accurate method available for 
analysing environmental impacts (Hendrickson et al., 1997). 
Input-Output based method which is also defined as a top-down approach is known 
to eradicate some of the limitations in process based approach (Chang et al., 2010). 
The approach has the capability of evaluating environmental impacts from national 
point of view by using the country’s economic input-output matrix. This method 
becomes very useful when upstream data is not available for a certain product and it 
eliminate the typical truncation errors common to process based method. However, 
input-output method is inherent with certain uncertainties. The common errors in I/O 
method are tabulated in Table 2.6.  
Table 2.6 Major Errors in I/O based method (Lenzen, 2000)  
Type of error Description 
Source data uncertainty National input data represents average data and may contain 
certain levels of errors. However these errors can be quantified 
by regression based quantification methods 
Imports assumption 
uncertainty 
Imported and domestically manufactured commodities display 
the same factor although in real they can be significantly 
different 
Proportionality 
assumption uncertainty 
Proportionality assumption in I/O method is always accurate. 
For example the electricity price at different areas can be 
different which violates the proportionality assumption 
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Aggregation uncertainty The aggregated I/O data over various producers within a 
certain industry is not always known which may leads to 
uncertainty.  In general, this uncertainty depends on the 
geographical and technological variability of production in the 
respective industry sector. 
Allocation uncertainty I/O table entries represent the whole industry class which 
assumes perfect homogeneity over its product range. This 
assumption ignores product diversity and joint production 
between industries, and leads to an allocation uncertainty  
 
Hybrid based LCA method is a combination of both process method and input-output 
method. The main objective of combining the two methods is to utilize the 
advantages inherent to both the methods while trying to minimize the limitations 
associated with each method. Process based hybrid method and Input-Output based 
hybrid method are the two hybrid methods which are in use. Process based hybrid 
analysis uses input-output data in the upstream stages to minimize the limitation of 
truncation errors at the upstream stage inherent with process analysis and uses 
process based data in the downstream stage(Chang et al., 2012, Chang et al., 2010, 
Bilec et al., 2009, Dong et al., 2013). This method is useful when the whole life cycle 
of the building is analysed because it’s the upstream data (data on material 
acquisition and production) which are hard to be collected. On the other hand, input-
output based hybrid analysis initially uses available process based data to build the 
inventory and remaining gaps created are filled by input-output data. This method 
was initially implemented successfully by Graham Treloar (Treloar, 1997, Crawford, 
2008) in the field of construction, which was found to be more effective when the 
accuracy of data is limited. It is shown that it exhibits only 20% of 
incompleteness(Crawford, 2008) in embodied energy evaluation.  
2.2.2.5 LCA on buildings 
A building can be classified in many ways based on the objective of the study. A 
number of LCA studies have been conducted on buildings over the past few years. 
Most of these LCA studies have classified buildings into residential and commercial 
during the analysis (Sharma et al., 2011). Although an ideal generic classification 
would also include industrial buildings as a type of building, most of the LCA studies 
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have categorised it under commercial buildings. Figure 2.5 shows common 
classifications on buildings in LCA studies. Therefore, following study also discuss 
various LCA studies on buildings under the classification based on purpose.   
LCA Building 
classification 
Based on type Based on purpose Based on height
Steel 
buildings
Concrete 
buildings
Composite 
buildings
Residential 
buildings
Commercial 
buildings
High-rise 
buildings
Low-rise 
buildings
 
Figure 2.5 Common LCA building classification 
a. LCA studies on residential buildings 
Different studies on residential buildings have concentrated on different aspects 
when conducting an LCA study. Some studies have concentrated on trying to 
analyse the whole life cycle of a residential building while some studies have 
concentrated on comparing two different types of residential buildings. Therefore, 
this review aims to discuss various LCA studies on different types of buildings under 
embodied emissions of materials, construction, use and end of life phases.  
A study on life cycle assessment on US residential buildings highlights the 
significance of residential buildings on US economy from construction, maintenance 
and operational considerations (Ochoa et al., 2002).  
According to the study:  
“In 2000, new residential construction contributed to 2.4% of the 
Gross Domestic Product (GDP). In US, 19000 TJ of direct energy 
were consumed among the 105 million occupied residential units.”  
The study groups different stages and activities for the life cycle of a residential 
building into three phases – construction, usage and disposal. Raw material 
acquisition was considered as a part of construction phase. The Figure 2.6 shows 
the life cycle phases of a residential building. While highlighting the significance of 
31 
 
residential buildings the study focus was on estimating resource requirement, energy 
use, GHG releases and hazardous waste generation. The result concluded that the 
use phase is responsible for 93% GHG emissions and 92% electricity consumption 
while construction phase makes the highest contribution of 57% of toxic air 
emissions and 51% hazardous waste disposal. It further concluded that disposal 
phase has no significance when compared with other phases. 
Raw materials 
Acquistion
Manufacturing
Construction
Usage
Remodelling
Improvement
Heating
Lighting
Cooling
DEMOLITION
RECYCLING
NON-
CONSTRUCTION 
SECTORS
LANDFILL
CONSTRUCTION USAGE DISPOSAL
 
Figure 2.6 Life cycle phases of a building 
Luis Ochoa et al states that US residencies consume around 20% of its total energy 
consumption in the year 2000 (Ochoa et al., 2002). Their study on residential 
buildings concentrated on developing a LCA approach of residential buildings by 
using cost figures to develop environmental impacts. The economic I/O life cycle 
assessment tool developed by Carnegie Mellon University was used to convert cost 
figures into environmental impacts (EIO-LCA, 2008). The results concluded that the 
use phase of the building governs the use phase while disposal phase having a 
negligible scope under environmental impacts. Asif et al (2007) carried out an LCA 
analysis of a 3-bedroom semi-detached house in Scotland. The material quantities 
were obtained from inventory reports, direct observations and interviews with 
contractors. The study identified out of eight materials used; concrete, timber, glass, 
ceramic tiles and aluminium as the critical construction materials in terms of quantity, 
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embodied energy and environmental impacts, 65% energy consumption was 
recorded for concrete while 15% and 14% contribution were recorded from ceramic 
tiles and timber respectively. It concluded that 99% of total emissions are coming 
from concrete and mortar.  
Another study on primary energy analysis on residential buildings outlined the 
significance of reduction of heating demand which may reduce the emissions at use 
phase (Gustavsson and Joelsson, 2010). The study stated that improving insulation, 
reducing air leakage and heat recovery from ventilation could be used effectively to 
reduce the heating demand. This reduction can improve the relative importance of 
other phases of a building. Energy analysis of nine types of buildings was critically 
compared in the case study. The study concluded that carbon content on the fuel 
used for the supply systems governs the CO2 emissions with bio-mass based fuel 
giving the least emissions. Therefore, the study concludes that a proper selection of 
energy supply system has a great effect on an energy-efficient building. 
Blengini and Di Carlo (2010) carried out a study on energy saving policies on low-
energy residential buildings. LCA was carried out on recently built low-energy 
sustainable building to understand how positive judgement could be justified through 
life cycle aspect. The initial energy standard of the building was reduced from 109 
kWh/m2 to 10 kWh/m2. The functional unit for the study was chosen as 1 m2/ year. 
Data collection was carried out on pre use and maintenance phase, use phase and 
end of life phase. Two energy indicators and six environmental indicators were used 
for the impact assessment. The obtained results are benchmarked using a standard 
house. Material impacts recorded the highest impact contribution with structure and 
finishes materials having highest impacts while other phases such as recycling 
potential, maintenance and operations also having significantly high contribution. 
However, the construction equipment and transportation contribution was recorded 
minor. The study concluded that the overwhelming energy consumption reduction of 
10:1 was decreased to 2.2:1 and 2.1:1 from life cycle energy and carbon footprint 
point of view, respectively.  
b. LCA studies on commercial buildings 
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From an LCA point of view, Commercial buildings may include office buildings, retail 
buildings and industrial buildings (Sharma et al., 2011). Commercial buildings are 
important because more than one third of a person’s daily life is spent in a 
commercial building. Therefore, a commercial building can have a crucial 
contribution to energy consumption and environmental emissions. Apart from 
emission reduction, an environmentally friendly commercial building can pave the 
way in reduction of cost of the building.  
According to Joshua Kneifel (2010): 
“An energy-efficient commercial building is the easiest and lowest 
cost options to reduce energy use, operation costs and emissions. 
The local climate, building type and the study period influence this 
energy efficiency of the buildings.” 
The study replicated 576 energy simulations for 12 types of buildings in 16 cities. 
These energy simulations were then combined with cost databases to compare the 
cost effectiveness. The results indicated that conventional energy efficiency 
technologies have the capacity to reduce energy consumption up to 40% based on 
the location.    
A study of an office building in Finland was carried out to evaluate the life cycle 
environmental effects (Junnila and Horvath, 2003). The building is a concrete 
structure of five floors with post tensioned floors and brick and curtain walls. The 
gross floor area of the building is 15,600 m2 with an assumed service life of 50 years. 
Plans and specifications were used to derive materials and energy flows in the 
building cycle. Emission data for transportation of metals and use of construction 
equipment are missing from the inventory. Four impact categories of climate change, 
acidification, eutrophication and dispersion of harmful substances are included while 
ozone layer depletion and biodiversity loss is excluded from the list due to lack of 
data. The results of the study illustrated that use and material phases govern the 
environmental impacts from all the impact aspects considered. It was recorded that 
construction phase has significant impacts on acidification and eutrophication 
potentials and impacts from construction equipment use is the dominant emission 
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source at construction stage. The results also indicated that end of life phase has no 
significance impact on any of the environmental aspects considered.   
Another study in Thailand attempted to evaluate environmental impacts of an office 
building (Kofoworola and Gheewala, 2008). It states that office buildings have the 
largest share among commercial buildings with 66% contribution. The study provides 
a definition for an office building as follows: 
“A building that have at least some part of it or all of it is used for 
office purposes is called an office building”  
All the life cycle phases (materials, construction, operation, maintenance and 
demolition) were included in the system boundary. A 38 storey reinforced concrete 
building with gross floor of 60,000 m2 is used as the case study. A process based 
hybrid method was used for the assessment. I/O data were used to form 
manufacture of building materials inventory while process based data were utilised to 
develop the inventories for the remaining phases. GWP, AP, EP and POFP are used 
as the indicators for impact assessment. The results indicated 52% of the GHG 
emissions are from operation stage while material manufacturing phase and 
construction phase accounted for 42% and 4% respectively. Concrete and steel 
were recorded the most significant materials in terms environmental impacts with a 
respective contribution of 64% and 17% of the total material impacts. The results 
further indicate that operation and material phases govern the environmental impacts 
with reference to all the impact categories. 
Guggemos et al (2005) compared environmental impacts between two steel and 
concrete buildings. Two life cycle methods, process and economic I/O methods were 
utilised to evaluate environmental impacts over its life cycle. Economic I/O data were 
used to evaluate impacts from materials and use phases while process data were 
utilised to evaluate impacts from other phases. The results indicated that at 
construction phase, concrete buildings are responsible for more environmental 
impacts than steel buildings. This observation changes the other way around when 
all the life cycle phases are considered together. The study suggests minimizing 
temporary materials and equipment can reduce the emissions at construction stage 
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considerably. It further highlights that an age increase of 8 years for construction 
equipment can increase HC, CO and NOx by 30-68%.  
Another LCA study carried out in a school building attempted to evaluate its energy 
and environmental impacts (Arena and De Rosa, 2003). The objective of the project 
was to introduce a building with maximum thermal and visual comfort while using 
minimum fossil fuels. The features of a conservative building were compared with a 
traditional building to draw conclusions.  Five environmental aspects, global 
warming, acid rain, photo-smog, resource consumption, eutrophication and toxicity 
were considered in the impact assessment. The results indicated that use of a 
conservative building improves all the impact aspects except for the photo-smog 
potential. The analysis results showed that the use of wood in an uncontrolled 
combustion is the reason for this negative impact. 
Concluding remarks in LCA of buildings 
A summary of the reviewed LCA studies on buildings is shown in Figure 2.7 & Figure 
2.8. Figure 2.7 shows the findings different LCA studies on residential buildings 
whereas Figure 2.8 displays the various opinions obtained from LCA studies on 
commercial buildings.  
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Figure 2.7 Summary of LCA studies on residential buildings 
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Figure 2.8 Summary of LCA studies on commercial buildings 
 
The observations attained from both the summaries the following research gaps are 
identified with reference to the current research study: 
 Steel and concrete are the most dominant materials of emissions at material 
phase; 
 Functional unit (FU) is very important in an LCA study – FU can change 
significantly according to the type of study; 
 Use phase is responsible for 80-90% of total GHG emissions of a building; 
 Construction phase is neglected in most of the LCA studies on buildings; 
 Construction phase can be significant from certain impact aspects while end 
of life phase is not significant from all the impact aspects; and 
 The difficulty of obtaining emission data on equipment use sometimes results 
in underestimation of emissions at construction phase. 
2.2.2.6 Impact assessment studies on buildings 
Several impact studies attempted to measure the environmental impacts at the 
construction stage of a building. Li et al. (2010) proposed a LCA based 
environmental impact assessment model for construction processes. The 
assessment model was then applied to earthwork construction to understand the 
impact variations. The results indicated steel as an impact substance contributes to 
37 
 
the maximum impacts while pit support activity is the governing activity that 
contributes to environmental impacts. Gangolells et al. (2009) developed a 
methodology for predicting the environmental severity of construction processes. 
They defined the significance of environmental impacts in terms of the impact 
duration, probability of occurrence and impact scale. However, the drawback of this 
methodology is that it requires expert knowledge for each time to evaluate the 
impacts of construction processes. Some other studies concentrated on evaluating 
impacts from construction materials. Chau et al. in their study evaluated impacts on 
building materials and building service components of commercial buildings using 8 
case studies in Hong Kong (Chau et al., 2007). The life cycle impacts of materials 
after initial installation and after 50 years were estimated for over 30 building 
materials. A limitation of the study is that it did not include foundation and formwork 
for the calculations. Upton et al. estimated greenhouse gas (GHG) emissions and 
impacts of using wood in construction of buildings (Upton et al., 2008). The results of 
the study indicated that 27% emissions can be saved by using wood on building 
construction. However, the study is highly case sensitivity with lots of assumptions 
and uncertainties.   
 LIFE CYCLE ASSESSMENT SOFTWARE  2.2.3
The following section covers some of the majorly used LCA software to analyse 
environmental impacts of a building.  
2.2.3.1 BEES 
The Building Environmental and Economic Sustainability (BEES) software is 
developed by United States National Institute of Standards and Technology, which 
measures both environment impacts as well as cost of a product before producing 
an overall score (Lippiatt, 1998). Environmental performance of a product is 
measured by LCA approach using ISO 14040 and economic performance is 
measured using ASTM standard of life cycle cost method. The significance of BEES 
method is that it takes a multi-dimensional life cycle approach. It makes the 
assessment comprehensive because it considers both environmental and economic 
impacts of a product throughout its life cycle.  
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In BEES, the environmental performance calculation is a cradle to grave approach. 
Thus the approach considers material acquisition, product manufacture, 
transportation, installation, operation and maintenance and recycling in the 
assessment process. According to the general LCA methodology, it is required to 
follow a three-step procedure before interpretation of results. The BEES model can 
assess six impact categories: global warming potential, acidification potential, 
nitrification potential, natural resource depletion, indoor air quality, and solid waste 
(Lippiatt, 1998). Since it uses US average data it does not include local impact 
indicators such human health potential. Once each impact indicator is calculated 
they are all combined using Multi Attribute Decision Analysis (MADA) based on 
ASTM standards.  
2.2.3.2 SIMAPRO 
SimaPro (2008b) is one of the leading LCA software which enables LCA 
practitioners to achieve product development and sustainability goals. The developer 
of the software is PRe’. The unique sets of features available in SimaPro make it a 
more comprehensive LCA modelling tool (refer Table 2.7). SimaPro is widely 
implemented in many industries, consultancies, universities and research institutes 
in more than 80 countries across the world. SimaPro is equipped with many LCI 
databases. Ecoinvent v3.1database, European reference Life Cycle Database 
(ELCD), Input-output databases, Agri-footprint LCI database, U.S. Life Cycle 
Inventory Database (USLCI) are freely available databases with more than 10,000 
data sets.  
Employment of SimaPro in LCA studies will attract several benefits for its user. It has 
the capability of assessment of carbon footprint and water footprint. It can also 
represent your results according to Environment Product Declarations (EPD). Using 
it statistical analysis methods such as Monte-Carlo simulation, SimaPro is able to 
provide environmental assessment results with a higher statistical accuracy. The 
modelling process in SimaPro follows the stepwise procedure explained in ISO14040 
(Consultants, 2008a).   
Table 2.7 Unique features of SimaPro software 
Feature Description 
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Transparency Ability to trace back the results with minimum effort 
Parameters Use parameters to change the assumptions or values 
Identify hotspots Easy capture of hotspots in the model 
Link to excel Save time/minimize errors by direct import of results to excel 
Waste treatment and 
scenarios 
Ability to model complex waste treatment and recycling 
scenarios 
Source: (Consultants, 2008b) 
2.2.3.3 GABI 
GABI is a LCA assessment tool which is gaining huge popularity among the LCA 
tools with over 10,000 users (PEinternational, 2015). It assists businesses to achieve 
the best sustainability performance through the powerful LCA evaluation tools and 
variety of reliable LCA inventories. GABI has the cutting edge over the other LCA 
software due to its improved modelling, scenario analysis and static reporting. GABI 
also includes more than 850 LCI databases which includes datasets for new Energy, 
transport, rare Earth Elements, Aluminium and construction materials. It allows you 
to you to create a customized dataset using the expert knowledge if a required 
dataset is not available. 
GABI model can utilize LCA to support four basic business applications: 
1. Life cycle assessment (LCA) 
 Design for Environment: Development of products according to 
environmental regulations; 
 Eco Efficiency: optimizing energy and resource usage to obtain the most 
economical option; 
 Eco-design: Design and development of eco-friendly products with minimum 
GHG emissions, water usage and waste to achieve smaller environmental 
footprints; and 
 Efficient value chains: Upgrading the efficiency of value chains such as 
design, R & D, production and distribution. 
2. Life cycle costing (LCC) 
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 Cost reduction: Development and optimization of products and processes to 
achieve the best cost reduction. 
3. Life cycle reporting 
 Sustainable product marketing: product sustainability labels & claims, 
Environmental Product Declarations (EPD); 
 Sustainability reporting: Environmental product and sustainability reporting; 
and 
 LCA knowledge sharing: reporting and analysis of concerned departments. 
4. Life cycle working environment 
 Responsible manufacturing: development of manufacturing processes to 
encounter social responsibilities;  
2.2.3.4 LCAidTM 
LCAidTM is a computer software developed in New South Wales (NSW) by 
Department of Public Works and Services (DPWS) with the intention of making LCA 
more affable to designers to achieve design improvements (Eldridge, 2002). It is a 
user friendly decision tool aimed to attain a comprehensive environmental impact 
assessment of buildings. LCAid evaluates environmental impacts across eleven 
categories including atmospheric, resources and pollutants.  
The data input in LCAid is divided into three major parts (Graham, 2003). Firstly, 
general information such as building type, occupant details and geographic data are 
required.  Secondly, materials should be selected from the inventory available and 
the quantity should be entered. A unique option in LCAid is that it can load material 
quantities from 3-D architectural models through CAD drawings. 
LCAid has two major assessment criteria for environmental impacts calculation and 
is summarized in Table 2.8. 
Table 2.8 Assessment criteria for environmental impacts in LCAid 
Performance criteria factors considered in LCAid 
Resource Energy consumption Energy 
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Environmental 
loading 
Water consumption Water 
Greenhouse effect CO2, CFCs, HCFC, Halons, Methane, N2O, Other 
chlorinated hydrocarbons 
Ozone depletion CFCs, HCFC, HFC, Halons, Other chlorinated 
hydrocarbons 
Heavy metals Cadmium, Mercury, Lead, Arsenic, Copper, Nickel, 
Manganese, Chrome 
Nitrification Ammonia, Nitrates, NOx, SO2, SOx 
Acidification Ammonia, HCI, HF, NO, NO2, NOx, SO2, SOx 
Carcinogenesis Aromatic hydrocarbons, and derivatives 
Summer smog Chlorinated hydrocarbons, Alcohols, Aldehydes, 
Saturated and unsaturated hydrocarbons, Aromatic 
hydrocarbons, Volatile organic compounds, 
Ketones, Phenols 
Winter smog Dust, SO2 
Source: (Seo, 2002) 
In LCAid, environmental impacts can be reported based on two output options. In 
First option environmental performance can be compared with another standard 
building to contrast impacts at each stage of the building. The second option 
provides a comprehensive criticism of impacts of a project stage. This allows the 
user to identify the areas of minimising impacts (Eldridge, 2002). 
2.2.3.5 ENVEST 2 
ENVEST 2 is environmental impact design software and is the first UK based 
software to evaluate impacts of a building at the early design stage of a building 
(Seo, 2002) . It simplifies a complex design process for easy evaluation of 
environmental impacts. ENVEST 2 is been developed by Building Research 
Establishment (BRE) and is a web based tool which enables larger data sharing 
options for companies to benchmark their complicated designs. ENVEST 2 uses four 
major assessment criteria in its impact assessment. The Table 2.9 summarises 
various aspects in its impact assessment. Two commercial versions of ENVEST 2 
are available: 
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ENVEST 2 estimator: It uses default environmental and financial data for the 
analysis. The major focus of this version is to optimize environmental performance 
while considering the useful contribution of life cycle costs in the designs. 
ENVEST 2 calculator: This version majorly concentrates on the whole life cycle 
costs of the buildings while giving less importance to the environmental performance. 
It provides default environmental data while allows the user to input enter capital and 
life cycle cost information. 
Table 2.9 Assessment criteria in ENVEST 2 
Criteria Description 
Resource Consumption Operational Energy, Water Use, Material Consumption, Water 
Extraction, Fossil Fuel/Minerals Depletion, Waste Disposal 
Environmental Loading Ambient Air, Climate Change, Acid deposition, Human Toxicity 
and Ozone depletion, Transport Pollution and Congestion, 
Water Eutrophication Eco-toxicity 
Indoor Air Quality Ventilation, Day Lighting, Thermal Comfort, Min IAQ 
Economics Whole Life Costs 
Source: (Watson et al., 2004) 
2.2.3.6 ATHENA 
Athena is a LCA based tool which was developed by Athena Sustainability Institute 
in 2000. The tool can assess impacts of building materials and buildings (Seo, 2002). 
Athena can be categorised as one of the easiest tools for evaluation of 
environmental impacts of a building. It requires general details such as location, 
gross floor area, building life, building type and project specific details such as 
assembly type and quantities of each product for the analysis. The speciality of 
Athena is that is that the geographic location is taken into account for impact 
calculation. 
The assessment criterion for Athena is based on energy use and environmental 
impacts. Primary embodied energy usage is the criterion for energy use while Global 
warming potential, solid waste emissions, pollutants to air and water natural use are 
considered in assessment criteria. The impacts are classified into these performance 
criteria after allowing for a suitable weighting factor. 
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Table 2.10 Advantages and Disadvantages of commercially available LCA software 
Software Nation Developer Advantages Disadvantages 
SimaPro Netherland  PRe - International databases such as eco-
invent is available and hence can be 
used in many countries 
- User friendly &self-explanatory 
- There is a possibility for advanced 
results analysis 
- Report maker plug-in allows the model to 
link with MS word and excel 
- All life cycle stages of a product can be 
analyzed 
None of the databases in SimaPro provides 
data for on-site construction processes 
Unless a user defined process is available it 
is difficult to analyse 
Cannot be used for hybrid based LCA 
model 
Time consuming 
Gabi Germany PE international  - Easier to model the process in to the 
system 
- Can include effects due to noise as well 
- Enables to track cost factors as well 
along the life cycle of the process 
- All life cycle stages of a product can be 
analyzed 
Database is mainly based in Germany 
Issues with the applicability of databases in 
different countries 
Less amount of data is available for on-site 
construction processes 
Limited construction activities are available 
BEES USA National Institute 
of Standards and 
Technology, USA 
- Combines an environmental score and 
an economic score to provide a final 
score 
Cannot be used for hybrid based LCA 
model 
Lot of uncertainty in data 
44 
 
- All life cycle stages of a product can be 
analyzed 
- Focus mainly on effects due to 
construction 
 
Athena Canada Athena 
Sustainability 
Institute 
- The best construction specific tool 
compared among the others 
- Allows to analyzes the elements of a 
building separately 
- Representation of results is simple and 
understandable 
- Number of Impact categories are 
available 
- All the life cycle stages can be analyzed 
Applicable to only American context 
Although defined as a construction specific 
tool, it does not cover every aspect of the 
construction stage 
LCAid Australia NSW DPWS - User friendly and easy to use 
- Ability to load material quantities from 3D 
drawings 
- Covers many impact indicators 
- Able to evaluate both cost & 
environmental impacts 
- Ability to benchmark impacts 
Applicable only to Australian context 
Only concentrates on operation phase 
Construction phase is not given much 
consideration 
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ENVEST2 United 
Kingdom 
BEE - Separate analysis for both cost and 
environmental analysis 
- High data sharing options 
- Simplifies a complex design process for 
easy evaluation of environmental 
impacts 
Inventory is mainly based in UK 
Construction phase is given minimum 
consideration 
Uncertainties in inventories 
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 SUMMARY/RESEARCH GAPS 2.2.4
In spite of a well-defined life cycle, Life Cycle Assessment (LCA) of a building is 
often associated with three major issues: defining the scope and system boundary, 
creating a reliable inventory, and identifying the most important impact factors for 
impact assessment. The first issue is the difficulty of defining a proper system 
boundary for the analysis. The high complexity and difficulty of data acquisition has 
restricted most of the studies to concentrate on selected life cycle phases although 
there have been attempts to assess the environmental impacts for the whole life 
cycle (Guggemos and Horvath, 2006, Junnila et al., 2006a). The second issue is 
lacking a sound inventory pressurizes for researchers to concentrate on some 
components or life cycle phases. The main reason is due to the difficulty of acquiring 
data of all the phases in the building with time-consuming collections. The final issue 
is the identification of most suitable impact factors in built environment LCA study. A 
handful of available studies have attempted to evaluate the environmental effects of 
whole life cycle of commercial buildings, and most of the studies have concentrated 
only on selected life cycle phases of a building (Guggemos and Horvath, 2006). 
Subsequently if a study is only considering a selected life cycle/s, it is required to 
define the scope and system boundary of the study while clearly stating the 
assumptions. Another fact is that most of the commercially available LCA software 
either lacks a reliable inventory or requires complex modelling process in analysis of 
emissions at construction phase.  
Among these three LCA methods, hybrid methods are recognised as the most 
accurate method to conduct a LCA (Treloar et al., 2000). This is because hybrid 
methods minimize the errors occurred in conventional methods by adopting I/O 
methods in upstream stages and process methods in downstream stages of a 
products’ life cycle. However, studies highlight that in case of a specific case study 
analysis process based analysis is the most effective method to evaluate 
environmental impacts (Yan et al., 2010a, Mao et al., 2013). 
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Table 2.11 Matrix analysis of different methods and life cycle phases by previous LCA studies on buildings 
Method  Material extraction Construction Use and Maintenance End of life 
Input-
Output 
method 
(Seo and Hwang), (Su et al., 
2010), (Chen and Zhang, 
2010), (Kok et al., 2006) 
(Seo and Hwang, 2001), 
(Chen et al., 2011), (Su et 
al.), (Chen and Zhang) 
(Seo and Hwang, 2001), (Chen et 
al., 2011), (Su et al., 2010), (Chen 
and Zhang, 2010), (Kok et al.) 
(Seo and Hwang, 2001), 
(Chen et al.), (Su et al.), 
(Chen and Zhang) 
     
Process 
method 
(Guggemos, 2003), 
(Guggemos and Horvath, 
2006), (Chau et al., 2012), 
(Yohanis and Norton, 2002), 
(Citherlet, 2001),(Xing et al., 
2008), (Treloar et al., 2003), 
(Huberman and Pearlmutter, 
2008), (Verbeeck and Hens), 
(Junnila and Horvath, 2003), 
(Junnila et al., 2006a), (Mao et 
al.), (Monahan and Powell), 
(Chau et al., 2007), (Junnila 
and Horvath), (Kua and Wong) 
(Guggemos, 2003), 
(Guggemos and Horvath, 
2006), (Mao et al.), (Chen 
and Zhu, 2008), (Citherlet, 
2001), (Li et al., 2010), 
(Junnila and Horvath, 
2003), (Kua and Wong, 
2012), (Li et al., 2010) 
(Guggemos, 2003), (Guggemos and 
Horvath, 2006), (Chau et al., 2012), 
(Yohanis and Norton, 2002), 
(Citherlet, 2001), (Xing et al., 2008), 
(Treloar et al., 2003), (Verbeeck and 
Hens, 2010), (Junnila and Horvath, 
2003), (Junnila et al., 2006a), (Kua 
and Wong), (Li et al., 2010), (Mao et 
al.), (Monahan and Powell), (Chau et 
al.), (Junnila and Horvath), (Kneifel, 
2010), (Kua and Wong, 2012), (Li et 
al.), (Yohanis and Norton), (Yan et 
al.), (Yu et al.), (Xing et al., 2008) 
(Guggemos, 2003), 
(Guggemos and Horvath, 
2006), (Chau et al., 2012), 
(Mao et al., 2013), 
(Citherlet, 2001), (Junnila 
and Horvath, 2003), (Kua 
and Wong, 2012), (Treloar 
et al., 2003), (Verbeeck 
and Hens, 2010), (Li et al., 
2010), (Yan et al., 2010a), 
(Yu et al., 2011), (Xing et 
al., 2008) 
 
     
Hybrid 
methods 
(Han et al.), (Fay et al.), 
(Chang et al.), (Crawford et 
al.), (Crawford), (Dong et al.) 
(Chang et al.), (Crawford 
et al.), (Crawford) 
(Han et al.), (Fay et al.), (Crawford et 
al.), (Crawford, 2008), (Dong et al.) 
(Han et al.), (Fay et al.), 
(Crawford et al., 2010) 
TOTAL 26 16 31 20 
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2.3 ENVIRONMENTAL EMISSIONS OF A BUILDING 
 EMISSIONS OF A BUILDING 2.3.1
Buildings are involved with environmental emissions over its life cycle.  Each life 
cycle phase of a building is associated with emissions from different emission 
sources. These sources may exhibit different amounts and patterns of emissions. 
Therefore, it is worthwhile to have a basic understanding of emissions in a building to 
before understanding the emissions at construction phase.  
The system boundary for material phase of a building can spread all the way from 
raw material extraction, material production, fabrication to transportation of materials 
to product site. Steel, concrete and cement are the major construction materials 
which are used in greater quantities in a building. According to a LCA study on 
building materials steel, concrete and ceramic are the three major material 
contributors of CO2 emissions associated with the construction of 1 m
2 floor area  
(Zabalza Bribián et al., 2011).  
Almost all the LCA studies on building material concluded that emissions due to 
materials influence Global Warming Potential (GWP). Thus, greenhouse gases (in 
terms of CO2 equivalent) are the governing emission substance at material phase. 
Emissions at construction phase of a building are mainly due to equipment usage 
and transportation. However, some studies argued that material phase should also 
be included in the construction phase (Guggemos and Horvath, 2006, Guggemos, 
2003, Mao et al., 2013). This is due to significant material usage at construction 
phase. Emissions due to equipment and transportation are a result of fuel usage. 
Emissions due to fuel usage can vary from greenhouse gases (GHG) to non-GHG 
substances such as carbon monoxides (CO) and nitrous oxides (NOx) due to partial 
combustion of fuel. A study on fuel use and emissions of non-road diesel 
construction equipment evaluates several non-GHG substances which includes 
hydro carbons (HC), CO and NOx apart from CO2 emissions (Frey et al., 2010b).  
Use and maintenance phase of a building is the major contributor of environment 
emissions of a building (Kua and Wong, 2012, Seo and Hwang, 2001, Suzuki and 
Oka, 1998a, Guggemos, 2003, Junnila and Horvath, 2003). Studies have shown that 
the use phase of a building is responsible for around 80% of the total GHG 
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emissions (Guggemos and Horvath, 2006). These studies pointed out that heating, 
cooling and lighting are the major emission contributors at use phase. Thus, 
electricity consumption is the emission source that governs the emissions at use 
phase. 
 EMISSION STUDIES AT CONSTRUCTION PHASE OF BUILDINGS  2.3.2
Preceding section highlighted that construction phase is the least considered life 
cycle stage in a building life cycle (refer Table 2.11). There can be several issues for 
this isolation. Thus, the following section reviews emission studies at construction 
phase of a building to highlight the significance of emissions at construction phase 
while underlining its complications.  
Construction industry is identified as one of the major contributors of CO2 emissions 
(Kua and Wong, 2012, Scheuer et al., 2003). Majority of the emission studies on 
buildings emphasize the significance of emissions and resources use at construction 
phase. According to Ip and Miller (2012): 
“Construction of buildings and roads is responsible for almost half of 
the resource and energy consumption. Thus, construction sector has 
major impacts resource depletion and GHG emissions.” 
Buyle et al (2013) has a different explanation to underline the significance at 
construction phase: 
“The usual 90% of operational phase emissions is reduced due to the 
new regulations considerably, thereby giving more importance to 
other life cycle phases such as construction, choice of materials and 
end of life.” 
Guggemos et al (2005) in their study outlined the importance of emissions at 
construction stage at an aggregate level. They argued that focusing only on use 
phase will eliminate the opportunity to reduce the life cycle emissions of a building. 
Consequently, the research significance of emission studies at construction stage is 
highly important when considering the emissions of a building.  
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An effective way of criticising emission studies at construction phase could be under 
low-rise and high rise building construction rather than classifying them into 
residential and commercial building construction. This is because there is a 
significant difference in material and machine usage at construction stage for low-
rise and high-rise buildings. Several emission sources are responsible for emissions 
at the construction phase of a building. An ideal system boundary would include all 
these major emission sources; however, it is seen that studies consider only certain 
emission sources. Selection of emission sources depends on factors such as system 
boundary, objectives data availability and other limitations. Table 2.12 indicates how 
different studies have included emission sources. According to the table it can be 
observed that very few studies have concentrated on all the emission sources. Many 
construction stage emission studies have excluded the material manufacturing 
stating that it should be considered as a separate life cycle stage (Mao et al., 2013). 
Suzuki and Oka (1998b) estimated energy consumption and CO2 emissions in their 
life cycle emission study on construction stage of an office building. I/O and process 
methods were used to determine energy consumption and CO2 emissions 
respectively. The CO2 emissions in the office building were estimated under five 
emission sources: temporary works, structure, finishing, equipment and general 
expenditure. The results indicated that the operation and the construction stages of 
the building are responsible for the highest emissions with a respective contribution 
of 82% and 15% while demolition stage has minimum impact of CO2 emissions.  
Moreover, Suzuki et al (1995) also conducted the same emission study on 
construction phase a residential building. The results concluded that structure works 
are responsible for the most CO2 emissions.    
A study on estimation of greenhouse gasses at construction phase highlighted the 
trend of restriction of system boundaries due to lack of quality and systematic on and 
off-site process data (Hong et al., 2014). The study extended the system boundary to 
incorporate the assembly, miscellaneous works and human related construction 
activities. Apart from extension of system boundary, it further included direct and 
indirect emissions. According to the scope and objectives of the study, GHG 
emissions estimation can be based on two approaches: 
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(1) Macro level based on the whole construction chain – Usually I/O based 
LCA assessment is used for this type of analysis; and 
(2) Micro level based on specific project – Process and hybrid based 
approaches is usually used for this type of analysis. 
The study considered emissions due to equipment usage and vehicles, electricity 
consumption, assembly and miscellaneous works including human activities for 
emission evaluation. The results illustrated that 97% of the total GHG emissions are 
due to indirect emissions.   
Mao et al (2013) in their emission study compared GHG emissions of conventional 
and semi pre-fabrication construction methods. Both the construction methods 
represent high-rise residential building construction in China. They defined five 
emission sources for the construction process: embodied emissions of building 
materials, transportation of building materials, construction waste, soil and 
prefabricated components, operation of equipment. Data corresponding to all five 
emission sources were collected for both the construction methods. A process based 
quantitative model was developed to evaluate the emissions. Results obtained a 
GHG emission of 336 and 368 kg/m2 for conventional and semi pre-fabrication 
construction respectively. They further highlighted the dominance of material 
emissions at construction stage with around 80% of the total emissions. The study 
concluded stating that use of prefabrication materials can reduce the total GHG 
emissions by 15%.   
A case study conducted in Hong Kong estimated greenhouse gas emissions of 
commercial building (Yan et al., 2010a).  The study has defined a system boundary 
to include GHG emissions from manufacture and transportation of building materials, 
energy consumption of construction equipment and processing resources and 
emissions due to disposal of construction waste. The results illustrated that around 
93% of emissions are due to manufacturing and transportation of materials whereas 
emissions due to equipment and disposal of construction waste are responsible for 
6% and 1%, respectively. It also indicated that steel and concrete are responsible for 
around 95% of the material emissions. The study recommended the use of recycled 
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materials, transportation of materials by sea and adopting energy saving 
construction technology can lower emissions at construction phase by 10%. 
A study in Japan conducted a comparative study on environmental assessment of 
wood and reinforced concrete (RC) house construction (Gerilla et al., 2007b). They 
considered energy use and selected air emissions such as CO2, NOx, SO2 and PM. 
A hybrid based model developed together with an I/O model was used to evaluate 
emissions. The comparative results showed that CO2 emissions govern the total 
emissions at construction over other emission substances considered with an 
overwhelming 93% contribution. However the emission comparison results at life 
cycle stages revealed different outcomes. The paper highlighted that CO2 emissions 
are dominant in operation stage compared to construction, maintenance and 
disposal stage while other air pollutants such as NOx, SO2 and PM are significant at 
construction stage for both types of buildings. Out of the considered four impact 
categories, GWP remained the most important Impact category whereas, 
acidification, eutrophication and human toxicity having lesser important. Overall, it 
was found out that RC houses have more emissions compared to wood houses and 
the authors conclude that higher design life can reduce the emissions by 14%.  
In another study, Cole (1998) (1998) evaluated energy and greenhouse emissions 
due to on-site construction of wood, steel and concrete structural assemblies. A total 
of 15 wood types, 12 steel and 12 concrete assemblies were used to form a total 39 
assemblies for comparative study. The study initially outlined the lack of 
consideration in relative significance of emissions at construction stage. The study 
categorised emissions into three major categories of transportation, energy use and 
supporting processes. Transportation stage was further classified into equipment, 
labour and material transportation whereas supporting processes included formwork, 
temporary heating for concrete mixing and curing. The results of the study illustrated 
that concrete assemblies are responsible for the highest emissions whereas steel 
assemblies indicate the lowest emissions. The overwhelming high emissions in 
concrete assemblies are due to equal contributions from onsite equipment use, 
equipment/materials transportation and worker transportation. 
The results obtained from the above studies imply that emissions at the construction 
stage of a building are important at an aggregate level. Moreover, the short term 
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impacts to the public from construction stage emissions were found to be more 
compared to other life cycle stages of a building. However none of the studies have 
made attempts to perform an in-depth analysis on emissions at the construction 
stage to identify the critical emission patterns that may assist designers and 
contractors to minimise emissions at building construction. 
 SUMMARY/RESEARCH GAP  2.3.3
The review under this section commenced with emission studies in buildings and it 
was found out that construction phase is given less consideration in emission studies 
due to many complications. One of the major issues is finding a reliable inventory 
that includes all the key data to estimate emissions at the construction phase. 
Moreover, commercially available software lacks quality data to model the 
construction phase especially inventories for construction equipment. Further review 
on emission studies at construction phase concluded that most of the studies only 
considered greenhouse gas emissions, which have ignored emissions from common 
emission substances at construction phase such as particulate matter, nitrous oxide 
compounds and sulphur dioxide compounds. Thus, construction phase emissions 
cannot be limited only to GHG emissions. Considering only GHG emissions will 
assess climate change impact category while neglecting other categories such as 
human health, resource depletion and eco-system quality. Moreover, the review also 
highlighted that most of the previous studies have not defined a proper system 
boundary for the construction phase. 
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Table 2.12 Emission sources consideration of different studies at construction phase 
No Reference Building 
materials 
Emissions from 
equipment 
Transportation 
of materials 
Transportation 
of labour 
Transportation 
of equipment 
Disposal of 
waste 
1 (Yan et al., 2010a) √ √ √  √ √ 
2 (Mao et al., 2013) √ √ √  √ √ 
3 (Hong et al., 2014) √ √ √ √ √ √ 
4 (Cole, 1998) √ √  √ √  
5 (Scheuer et al., 2003) √ √     
6 (Kua and Wong, 2012) √ √ √    
7 (Wu et al., 2012) √ √ √  √ √ 
8 (Guggemos and Horvath, 2005) √ √ √  √ √ 
9 (Seo and Hwang, 2001) √ √     
10 (Fridley, 2008) √ √  √ √  
11 (Bilec et al., 2009) √ √ √  √ √ 
12 (Treloar et al., 2000) √ √     
13 (Gangolells et al., 2009)  √     
14 (Li et al., 2010) √ √   √  
15 (González and García Navarro, 2006) √ √     
16 (Jian et al., 2003) √ √     
17 (Suzuki et al., 1995) √ √     
18 (Suzuki and Oka, 1998b)  √ √     
19 (Börjesson and Gustavsson, 2000) √      
20 (Norman et al., 2006) √      
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21 (Nässén et al., 2007) √  √  √  
22 (Upton et al., 2008) √ √ √   √ 
23 (Dimoudi and Tompa, 2008) √      
24 (Peuportier, 2001) √  √   √ 
25 (Gerilla et al., 2007a) √      
26 (Xing et al., 2008) √  √    
27 (Kofoworola and Gheewala, 2009b) √ √ √  √  
28 (Huberman and Pearlmutter, 2008) √      
29 (Thormark, 2001)      √ 
30 (Jonsson et al., 1998) √ √     
 TOTAL 28 21 12 3 9 9 
56 
 
2.4 EMISSION EVALUATION 
The major objective of an emission study is to accurately quantify the emissions of a 
specific product or a process. Therefore, selecting the most suitable and accurate 
mathematical model could pave the way for an accurate emission estimation. The 
following section intends to review various mathematical models which have been 
used in analysing emissions at different stages in construction phase of buildings. 
 MATHEMATICAL MODELS IN LCA STUDIES 2.4.1
I/O models are basically of matrix form and Leontief (1986, 1987) developed the 
initial matrix model for LCA study. Although I/O mathematical models are similar in 
model type, process based mathematical models differ significantly based on the 
objectives and the scope of the study.  They are the most widely used mathematical 
models in LCA and most of them are algebraic equations. The main reason is the 
ability of a process based mathematical model to address the intended objective 
accurately with minimum errors and approximations. Since hybrid models are a 
combination of both the basic LCA methods, it can include both matrix and algebraic 
equations. Figure 2.9 shows a classification of different mathematical models 
considered for the review study.  
MATHEMATICAL MODELS
I/O ANALYSIS PROCESS ANALYSIS HYBRID ANALYSIS
Embodied Energy & 
Emissions estimation
Construction equipment 
emissions estimation
Transport vehicles 
emissions estimation
MATHEMATICAL MODELS FOR
Construction waste 
emissions estimation
 
Figure 2.9 Mathematical models classification in different studies 
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 MATHEMATICAL MODELS FOR EMISSION EVALUATION OF A BUILDING 2.4.2
It is always important to maintain high accuracy and efficiency over the mathematical 
equations used in emission studies. The main reason is because whole LCA 
outcome depends upon the accuracy and the efficiency of these mathematical 
models. These mathematical models can be of different forms based on the type of 
analysis, scope and purpose of the study. Lack of consistency and accuracy of these 
mathematical models can lead to distorted results. A mathematical model in LCA can 
be either developed based on the requirement or adopted from previous models with 
necessary modifications to match the scope and the boundary of the system. The 
choice between development and adoption of a mathematical model solely depend 
on the scope and the objectives of the analysis. Since the objective of the current 
research study is to crucially analyse the environmental emissions of different 
construction techniques, the development of accurate mathematical models is critical 
for the validity of the study. Thus, it is important to review various mathematical 
models that have been previously used to estimate embodied energy and 
environmental emissions. The major emission sources at construction stage are 
emissions from materials, construction equipment, transport vehicles and waste 
generated. Thus, the section intends to review different mathematical models based 
on different LCA methods to estimate emissions and energy use of the emission 
sources mentioned above.  
2.4.2.1 Estimate embodied energy & emissions from materials 
Many previous emission studies on construction phase have given a considerable 
significance to embodied energy and emissions materials due to several reasons 
(Hammond and Jones, 2008b, Huberman and Pearlmutter, 2008, Chau et al., 2007). 
One reason is that it is responsible for around 80% of the total emissions for a 
building. Moreover, the large amounts of materials used provide great opportunities 
to reduce emissions.  
Several studies have opted for I/O based models to quantify emissions from 
materials due to the unavailability of upstream process data for a building (Treloar, 
1997, Crawford and Treloar, 2003, Chang et al., 2010, Acquaye and Duffy, 2010, 
Seo and Hwang, 2001).  
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Seo and Hwang (2001) adopted the following I/O model to estimate CO2 emissions 
from building materials. 
])(*[ 1 AIEWEmissions in  
2.1 
Where: W is the CO2 conversion co-efficient, Ein is the energy input vector, I is the 
unit matrix and A is the I/O table which is the transaction matrix between industry 
sectors. W can be determined from the equation below. 
 tstsEW *  2.2 
Where, Ets is the energy type t consumed in the industry sector s and Ɵts is the 
conversion coefficient.  
Most of the I/O models are either a derivation or a representation of Equation 2.1. 
Therefore, this review study intends to focus more on process based mathematical 
models to evaluate embodied emissions of building materials. A number of studies 
used a similar type of process based algebraic equation to quantify embodied energy 
& emissions from materials (Chau et al., 2007, Yan et al., 2010a, Cole, 1998). A 
general representation of all those models is given by:  
 ii fQE *  2.3 
Where, E is the total emissions (kg) from material type i, Qi quantity of material i (kg) 
and fi is the emission factor for the material I in (kg of emissions/kg). Material 
quantities can be obtained from daily delivery reports and BOQ’s.  
Some other studies have adopted a different model to estimate embodied emissions 
from materials (Mao et al., 2013, Chen and Zhu, 2008, Guggemos, 2003). They 
introduced a modification to the general Eq. (2.3) by incorporating a waste factor (µ). 
This waste factor is a dimensionless factor and can be either developed or adopted 
from previous studies. Even though an approximation, this model overcomes double 
calculation of emissions. A generic equation for this type of model is shown below: 
ii fQE *)(   2.4 
Treloar et al (2003) used a model to as given in Eq. (2.5) to determine embodied 
energy from recycled materials: 
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]* *[ memem EEWQEE   2.5 
Where: EE is the embodied energy of the material, Qem is the quantity of material m 
in the element e, Wem is the wastage rate and EEm is the embodied energy of the 
material excluding installation effects. 
Shukla et al. (2009) used another process model to calculate embodied energy of an 
adobe house. They used volume and density of material to calculate the weight of 
material: 
ii EVEE **   2.6 
Crawford (2008) developed a process based hybrid model to estimate embodied 
emissions from construction materials. In his equation, I/O models was used to 
calculate the emissions for the missing data paths of the material life cycle and then 
these values are added to the known process based results to obtain the total 
embodied emissions of a basic material (EIM): 
nMnMM TEITEIPEIEI *)(   2.7 
Where: PEIM is the process based hybrid emissions of the material, TEIn is the 
emissions of the sector n, TEIM is the emissions representing the basic material M 
and ἐn is the total price of the material i. 
He further developed a process based hybrid model to evaluate total embodied 
emissions from materials. The equation 2.8 shown below illustrates this model. 
nMnMMt TEITEIEIWQEE *)(**    2.8 
Where: EEt is the total embodied emissions from process based hybrid analysis, QM 
is the quantity of the total materials M and W is the wastage factor of the respective 
material. 
2.4.2.2 Estimate emissions from construction equipment 
Construction equipment emissions, often categorised as stationary equipment 
emissions are a result of combustion of fuel in the equipment (Frey et al., 2010a). As 
a result of partial combustion, almost all the equipment will result in non-GHG 
emissions (i.e. CO, NOx, PM and SO2) apart from GHG emissions (i.e. CO2) 
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(USEPA, 2010). Numerous studies have employed various mathematical models to 
estimate both these GHG and non-GHG emissions. Under this section, various 
mathematical models used for emission estimation from construction equipment are 
reviewed. 
Millstein and Harley (2009)  used a model to quantify emissions (Ei) from fuel 
combustion. The model employs fuel consumed (S) in kilograms per day (kg/day) 
and is multiplied by an emission factor (Fi) which is given in grams of emissions per 
kg of fuel combusted (g/kg). The equation is shown as follows: 
ii FSE *  2.9 
One drawback of this model is that it uses fuel consumption in terms of kilograms 
which is not readily available. Often at construction sites, the fuel consumption 
quantities are recorded in litres (l) and this impose an extra effort to use the density 
of the fuel to convert it into kg. A Slight modification to the above model as shown in 
equation 2.10 would be more straightforward and user friendly in evaluation of 
emissions due to fuel combustion: 
ii FSE **
'   2.10 
Where: S’ is given by the fuel consumed in litres per day (l/day) and ρ is the density 
of fuel combusted in kg/l. 
A study used a similar approach to estimate GHG emissions from fuel combustion of 
construction equipment (Yan et al., 2010a). These GHG emissions in terms CO2 
equivalent as per the equation are estimated below: 

1000
* ij
i
j
i
fF
E  
2.11 
Where: Ei is the total GHG emissions from fuel combustion of construction 
equipment in tonnes-CO2-e, 
i
jF  is the amount of fuel j consumed by construction 
equipment in litres and ijf is the GHG emission factor for fuel j consumed by 
construction equipment in kg-CO2-e. According to the study, GHG emissions 
represent CO2, CH4 and N2O and the GHG emission factor should be calculated by 
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summation of all the emission factors according to the formula provided in equation 
2.12.  
jOOGHG )N of GWP * E.F. N  CH of GWP * E.F. CH  E.F. (CO  E.F. 22442   2.12 
Mao et al. (2013) in a comparative study on estimating GHG emissions between 
prefabrication and conventional construction methods employed a model to estimate 
GHG emissions from resource consumption of construction equipment. According to 
the model the total GHG emissions (E5) can be calculated in in tonnes of CO2-e by 
knowing the resource or energy utilised (Rr) of the corresponding construction 
technique. The unit of Rr can be kWh, L or m based on the type of energy and 
resource. The equation to calculate GHG emissions is given below. 

 

r
r
v
v
v
nr fRE
1 1
5
1000
*
 
2.13 
The study further stated that usually construction equipment use diesel, electricity 
and water as resources. Therefore, the unit for vnf will vary according to Table 2.13. 
Table 2.13 Emission factor variation based on resource use (Mao et al., 2013) 
Resource Term for GHG E.F. Unit Term for resource use Unit 
Diesel vf1  
kgCO2-e/L R1 L 
Electricity vf2  
kgCO2-e/kWh R2 kWh 
Water vf3  
kgCO2-e/m
3 R3 m
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Sihabuddin and Ariaratnam (2009) used a different approach to calculate to 
emissions from construction equipment. They argued that the non-GHG emissions 
which are often associated with construction equipment are dependent on machine 
characteristics rather than the fuel combusted. Consequently they used the following 
equation to estimate emissions from construction equipment: 
01.0**** LFHPHRSEFEmissions ii   2.14 
Where: Emissions i is the total emissions of emission substance i in grams, HRS is 
the hours of use in hours, HP is the power of machine in hp, LF is the load factor is 
the ratio between operation and maximum rated outputs and 0.01 is the conversion 
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of percent to fraction. This model is a useful which can be used to quantify non-GHG 
emissions from construction equipment. 
2.4.2.3 Estimate emissions from transportation vehicles 
Emissions due to transportation have a significant contribution to the total emissions 
at construction phase. This is because all the materials, machines and sometimes 
labour should be transported from and to the site. The following mathematical 
models reviewed under this section will examine different options used to evaluate 
emissions from transportation. 
One study estimated emissions due to fuel combustion of transportation in terms of 
the amount of material transported (Yan et al., 2010a). The speciality of this model is 
that it takes both distances of transportation of materials by land and sea to evaluate 
emissions: 



1000
)( iis
s
j
ii
j
l
j
ii
j
ii
fTfTM
E
 
 
2.15 
Where: Eii is the total GHG emissions due to fuel combustion from transport vehicles, 
ii
jM is the total quantity of material j, 
l
jT & 
s
jT  are the total distances of transportation 
for building materials j by land and sea in km and iijf & 
ii
sf are the GHG emission 
factor for transportation by land and sea in kg CO2-e/(ton km) respectively.  
Mao et al (2013) in their study adopted a model to estimate emissions due to 
transportation of building materials and prefabricated components (E). Both the 
models use a similar form: 

1000
** tk
m
jj fLM
E  
2.16 
Where: Mj is the quantity of material type j, 
m
jL is the total distance between the two 
destinations and tkf is the GHG emission factor for different transportation methods. 
Chen and Zhu (2008) in their analysis of environmental impacts on construction 
phase of a concrete building, used a different type of model to estimate emissions 
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from transportation. The significance of this model is that it employs the vehicle 
deterioration in its emission model: 
 dMrZI iiti )*(  2.17 
Where: Iti material or equipment transportation emissions from impacts i, Zi is the 
zero kilometre level emission in g/km, ri is the deterioration level of impacts in g/km, 
M is the cumulative kilometre level/10,000 in km and ∑d is the total transportation 
distance in km. However, the assumption of total distance travelled (d) is equal to 
twice the one way distance is not accurate as the departure distance is not always 
similar to return distance.  
2.4.2.4 Estimate emissions from construction waste (CW) 
Even though construction waste is directly associated with emissions, it is seen that 
only a handful of studies have embraced emissions due to construction waste in their 
mathematical models (Abanda et al., 2013). Studies have shown that construction 
waste of a construction project can vary from 17% in controlled conditions to as high 
as 30% (Yahya and Halim Boussabaine, 2006, Barr, 2004). To precisely estimate 
emissions from construction waste, it is important to quantify the accurate amounts 
of waste generated. Therefore, the section reviews mathematical models used to 
estimate construction waste. 
Kourmpanis et al (2008) in their preliminary study on estimation of construction 
waste classified construction waste into four major categories based on their origin. 
They are: 
 Waste due to building or civil infrastructure demolition – Waste from 
demolition can be in the form of gravel, concrete pieces, sand, ceramic, 
reinforcement pieces, bricks, wood, tiles etc. Therefore, this type of waste can 
be totally heterogeneous and the material composition can vary based on the 
shape, purpose, size, type and main material of the structure. 
 Waste arising during construction of the structure – These materials can 
be concrete, bricks, cement, sand, wood, plastics etc. can be a result of 
construction, maintenance, repair, erection, renovation, expansion etc. 
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 Waste in the form of soil, vegetation due to earthworks – This type of 
waste is common to all type of construction especially for underground 
constructions. It can be either stones, sand, soil, gravel, clay or a combination 
based on the soil composition. 
 Waste from road planning and road maintenance activities – These can 
be road paving materials such as asphalt, sand, gravel etc.  
They further emphasize that several factors, such as period of construction, form of 
construction, main construction materials, techniques applied for construction and 
demolition, and the importance of the building, can govern the amount of waste 
generated during construction stage. Thus, taking all these factors into 
consideration, a mathematical model was developed in National Technical University 
Report (NTUA) (Fatta et al., 2003). The following equations represent their model to 
estimate construction and demolition (C & D) waste.  
DVOCNCCW  ][  2.18 
Where: CW represents construction waste in tonnes, NC is the surface of new 
construction in m2, OC is the surface of additional construction in m2, V represents 
the volume of generated of construction waste per 100 m2 and D is the density of the 
generated waste in tonnes/m3. 
DVASANFNDDW ****  2.19 
Where: DW is the generated quantity of demolition waste in tonnes, ND is the 
number of buildings demolished; ANF is the average number of floors per 
demolished building; AS is the average surface of building to be demolished in m2; V 
is the volume of the generated demolition waste per 100 m2 of surface of demolished 
building in m3 per 100 m2); and D is the density of generated waste (tonnes/m3). 
One study on carried out in Brazil quantified construction waste based on the 
quantities purchased, used and in inventory (Formoso et al., 2002). According to 
them,  
“Waste generation can be assessed based on four different stages. 
They are waste generated before materials are arrived at 
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construction site, during transportation, delivery and storage on-site, 
during construction and due to theft, accidents and vandalism” 
The amount of waste percentage is calculated as per the equation below. This waste 
percentage represents both direct and indirect waste generated:   
designeddesignedpurchased MMInvMWaste /])([%   2.20 
Where Mpurchased is the amount of materials purchased by the company, (Inv) 
represent the amount of materials in the existing inventory and Mdesigned is the 
amount of materials defined by the measurement of work done.  
Another study undertaken in Hong Kong concentrated on developing a waste 
generation index for construction of public houses (Poon et al., 2004b). They used 
the following equations to establish waste indices for each waste type: 
NVW *  2.21 
Where: W is the quantity of waste generated in m3, V is the volume of truck in m3 
and N is the number of trucks used for waste disposal. The waste index (C) is then 
calculated by: 
GFA
W
C   
2.22 
Where: GFA is the gross floor area of the building in m2 and C is the waste index in 
m3 of waste per m2 of floor area. 
Hammond and Jones (2008b) in their study used waste factors to determine the total 
of construction waste generated. According to their model, the total site waste 
(MWDB) is given by: 
 jjDB WMWMW *  2.23 
Where: MWj represents the quantity of material j used and W j is the waste factor for 
the material j. One drawback of this model is that it uses waste factors to estimate 
the amount of waste generated. Moreover, these factors need to be established 
before using them in the model.  
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Kofoworola and Gheewala (2009a) employed an equation to determine quantity of 
construction waste by material type for each construction type for each year as 
shown below. 
xPxAVx PQPGAQ   2.24 
Where: Qx is the quantity waste for material x in tonnes, A is the area of construction 
in m2, GAV is the average waste generation rate in kg/m
2 and Px is the average 
composition of waste in material x in %. The study also suggests a GAV value of 
21.38 kg/m2 and 18.99 kg/m2 for new residential and non-residential buildings 
respectively. This type is model is suited for projects when accurate waste data is 
not available.  
67 
 
Table 2.14 Various LCA mathematical models to evaluate emissions 
No. Model Evaluation basis Method Model type Equation 
M 1 
inm EAE
1)1(   
Embodied energy I/O Matrix  2.1 
M 2   tstsEW   
Carbon dioxide I/O Matrix  2.2 
M 3  ii fQE *  
Impacts from materials Process Algebraic or static 2.3 
M 4 
ii fQE *)(   
Impacts from materials Process Algebraic or static 2.4 
 
M 5  
 

E
e
M
m
memem EEWQEE
1 1
][
 
 
Embodied energy of waste 
material 
 
Process 
 
Algebraic or static 
 
2.5 
 
M 6 ii
n
i
i EVEE  


1  
 
Embodied energy 
 
Process 
 
Algebraic or static 
 
2.6 
M 7 
MMnMM TEITEIPEIEI  )(  
Energy intensity  Hybrid Matrix  2.7 
M 8 
MMnMMt TEITEIEIWQEE *)(**   
Total environmental impact Hybrid Matrix  2.8 
CE 1 
ii FSE *  
GHG emissions Process Algebraic or static 2.9 
CE 2 
ii FSE **
'   
GHG emissions Process Algebraic or static 2.10 
 
CE 3 


1000
iii
j
iii
j
iii
fF
E
 
 
GHG emissions 
 
Process 
 
Algebraic or static 
 
2.11 
 
CE 4 
 

r
r
v
v
v
nr fRE
1 1
5
1000
*
 
 
GHG emissions 
 
Process 
 
Algebraic or static 
 
2.13 
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No. Model Evaluation basis Method Model type Equation 
CE 5 01.0**** LFHPHRSEFEmissions ii   
Non-GHG/GHG emissions Process Algebraic or static 2.14 
T 1 



1000
)( iis
s
j
ii
j
l
j
ii
j
ii
fTfTM
E
 
Greenhouse gas emissions from 
fuel combustion of transportation 
Process Algebraic or static 2.15 
T 2 

1000
** tk
m
jj fLM
E
 
Emissions from material 
transportation 
Process Algebraic or static 2.16 
T 1  dMrZI iii )*(  
Impacts from materials and 
equipment transportation 
Process Algebraic or static 2.17 
CW 1 DVOCNCCW  ][  Construction waste Process Algebraic or static 2.18 
CW 2 DVASANFNDDW ****  Demolition waste Process Algebraic or static 2.19 
CW 3  designeddesignedpurchased MMInvMWaste /])([% 
 
Construction waste Process Algebraic or static 2.20 
CW 4 NVW *  Construction waste Process Algebraic or static 2.21 
CW 5  jjDB WMWMW *  
Construction waste Process Algebraic or static 2.23 
CW 6 
xPxAVx PQPGAQ   
Construction waste Process Algebraic or static 2.24 
*M denotes materials, CE denotes construction equipment, T denotes transportation and CW denotes construction waste 
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 EMISSION FACTORS 2.4.3
Almost all the processes are responsible for emissions to the environment. These 
emissions may vary from solid particle emissions to heavy toxic air pollutant 
emissions. When a construction site is analysed, the type of emission can vary 
according to the type of construction. A report stated that building and road 
construction exhibit the highest emission potential among the construction field 
(Cowherd et al., 1974). This report extensively discussed the dust emission from 
different processes and the development of emission factors for dust emission. The 
importance of analysis of environmental emissions from construction activities leads 
towards human health and safety directly. A study showed that pollutant substances 
such as particulate matter can lead to severe health problems, including breathing 
difficulties, reduced lung functioning, nonfatal heart attack and premature death 
(Lewis et al., 2009b). Although practical evaluation of these emissions seems to be 
the most accurate method, certain difficulties in evaluation, such as time limitations 
force the researchers to concentrate on mathematical models that approximate 
these emissions (Lewis et al., 2009b). This facilitates the importance of emission 
factors and thus this section makes an attempt to discuss various studies on 
emission factors and available emission inventories. 
2.4.3.1 Definition of Emission factor 
Emission rate is the rate where a pollutant substance or a pollutant substance 
considered is discharged to the environment by process (John et al., 1999). 
Emission factor can also be defined as the average amount of pollutant discharged 
per unit substance considered. This definition can be seen as a basic one as the 
emission factor may depend upon several external factors for different emission 
substances. This following discussion will criticize various studies carried out on 
emission factors.  
 DIFFERENT STUDIES ON EMISSION FACTORS 2.4.4
A common classification of emission factors could be addressed based on the 
development of emission factors and their application. Development of emission 
factors involves a collection of raw data of a concerned process to develop emission 
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factors whereas its application involves the implementation of those available 
emission factors inventory. The choice of the type of emission factor solely depends 
on the scope and objectives of the study.   
Cowherd et al. (1974) concentrated on the development of emission factors for dust 
emission of fugitive sources. They collected test samples on various emission 
sources to develop emission factors of dust emission. The study classified a 
conclusion of development of dust emission factors into three different particle sizes 
of less than 2 µm, 2-30 µm and greater than 30 µm. Another study measured real 
world traffic emissions to form emission factors on road tunnel produced by traffic 
(Ho et al., 2007). The study concentrated on emission substances such as NOx, 
particulate matter, benzene, aldehydes, and CO. It categorised the emission factors 
based on the different speed of traffic. There are a number of studies that 
concentrate on different emission substances which are summarized in Table 2.15. It 
is important to note that development of emission factors require intense knowledge, 
effort and time whatever may be the type of emission factor which is being 
developed. 
On the contrary, application of emission factors involves the implementation of an 
already developed emission factor inventory in an emission study to quantify 
emissions. Sihabuddin and Ariaratnam (2009) used emission factors developed by 
US EPA to examine the emissions of horizontal drilling procedure whereas Colberg 
et al. (2005a) used a European based database for emission factors to compare 
emissions from road traffic emission model. It is observed that most of the emission 
studies on buildings have adopted emission factors from officially published 
databases or inventories with suitable assumptions (Hong et al., 2015, Yan et al., 
2010b). 
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Table 2.15 A summary of studies carried out on emission factors 
Pollution substances  Country Area of study Type  Inventory References 
CO2,CO,CH4,TNMH
C,N2O,NOx,SO2 
China Emissions from household stoves D Own inventory (Zhang et al.) 
CO, NOx, THC, PM Korea Air pollutant emission factors of construction 
equipment 
D Own inventory (Jung et al.) 
CO, black carbon 
and ultrafine PM 
China Characterization of on-road vehicle emission 
factors 
D Own inventory (Westerdahl et 
al.) 
NOx, PM, THC and 
CO,  CO2 
Europe Road vehicle emission factors development D Own inventory (Franco et al.) 
NO, NO2, NOx, SO2,  Switzerland Long-term observation of real-world road traffic 
emission 
factors 
D Own inventory (Hueglin et al., 
Corsmeier et al.) 
Dust emission USA Development of dust emission factors for 
fugitive emission sources 
D Own inventory (Cowherd et al.) 
CO. NOx Denmark Particle and trace gas emission factors under 
urban driving conditions 
D Own inventory (Ketzel et al.) 
CO, NOx, VOC Switzerland Comparison of measured and model-calculated 
real-world 
traffic emissions 
A Europe (Corsmeier et 
al., Hueglin et 
al.) 
HC,CO,NOx,PM,SO2,
CO2 
USA Methodology for estimating emissions in 
underground utility construction operations 
A US EPA (Sihabuddin and 
Ariaratnam) 
CO, NOx, VOC Switzerland Comparison of a road traffic emission model A Europe (Colberg et al., 
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with emission factors John et al.) 
HC,CO,NOx,PM,CO2 N/A Validation of road vehicle and traffic emission 
models 
A - (Smit et al.) 
HC,CO,NOx,PM,SO2,
CO2 
USA A Fuel-Based Assessment of Off-Road Diesel 
Engine 
Emissions 
A US EPA (Kean et al.) 
HC,CO,NOx,PM,CO2 USA Revised estimates of construction activity and 
emissions 
A US EPA (Millstein and 
Harley) 
HC, CO, NOx, PM USA Field Procedures for Real-World Measurements 
of Emissions from Diesel Construction Vehicles 
A US EPA (Rasdorf et al.) 
HC,CO,NOx,PM,CO2 USA Comparison of Non-road Diesel Engine 
Emissions Data Sources 
A US EPA (Lewis et al.) 
HC,CO,NOx,PM,CO2 USA Comprehensive Field Study of Fuel Use and 
Emissions of Non-road Diesel Construction 
Equipment 
D & A Own inventory (Frey et al., 
Lewis et al.) 
NOx Austria Emission factors for heavy-duty vehicles D  & A Own inventory (Hausberger et 
al.) 
* D denotes Development and A denotes Application 
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 INVENTORIES FOR EMISSION FACTORS 2.4.5
Most of the developed countries in the world have their own inventory for emission 
factors to evaluate emissions of various activities. For instance, inventory developed 
by US EPA is used in USA (Lindhjem et al., 1999, Browning, 1998, Sihabuddin and 
Ariaratnam, 2009) and emission factors provided by Australian Greenhouse Gas 
Accounts is used in Australia (Suppiah et al., 2007, AGGA, 2013). The accuracy of 
estimation of environmental emissions largely depends on the selection of accurate 
inventory.  It relies on various factors such as scope of the study, system boundary 
of the analysis and considered emission substances. Some published emission 
factors are more accurate for the determination of GHG emissions while some others 
are much suitable for analysis non-GHG emissions. Therefore, six different 
inventories of emission factors published by different countries and organizations 
have been reviewed. The reviewed inventories provided a strong foundation to select 
the most accurate emission factors for the emission evaluation. All the reviewed 
inventories have their own advantages and disadvantages in achieving the intended 
scope and objectives. The objective of reviewing the emission factors is to identify 
the most accurate and reliable inventory of emission factors that is able to analyse 
the emissions at construction stage; emissions from materials, equipment usage and 
transportation.  
2.4.5.1 IPCC inventory 
Intergovernmental Panel on climate change is the world largest international 
organization for the assessment of climate change. IPCC was formed by United 
Nations Environmental Programme (UNEP) and World Meteorological Organization 
(WMO). It Although IPCC does not undertake any research or monitor data it reviews 
and assesses worldwide published data in understanding climatic change. 
Thousands of scientists contribute their knowledge voluntarily towards achieving 
goals and objectives of the organization. Currently 195 countries are members of 
IPCC (IPCC, 2015). 
IPCC fourth assessment report (IPCC, 2007) and IPCC climatic synthesis report 
(IPCC, 2014) discuss heavily on climatic change impacts and carbon cycle. It further 
discuss about mitigation methods reduce these impacts. The IPCC guidelines for 
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National greenhouse gas inventories provide emission factors for several emission 
sources. The report further categorises these emission sources into three major 
activities, fuel combustion activities, Fugitive emissions from fuels and carbon 
dioxide emission and storage. Several sub activities under these major activities are 
categorised as greenhouse gas emission sources.  
According to IPCC, three tier approaches were introduced for the calculation of 
emissions from fossil fuel combustion. The first method, tier 1 approach is a fuel 
based approach where emissions are calculated based on the quantity of fuel 
combusted. Tier 1 default emission factors are provided for calculation of emissions. 
This approach is highly accurate for calculating CO2 emissions as it is only a function 
of fuel combustion. But for calculation of other greenhouse gases such as N2O and 
CH4, fuel based approach will not provide accurate results as these emissions are 
dependent on factors such as technologies and deterioration. Therefore, tier 1 
default emission factors have been published only for direct greenhouse gases. Tier 
2 approach is also fuel statistic approach which is similar to tier 1 approach, with the 
only difference been using country specific emission factors instead of default 
emission factors. This implementation will reduce the uncertainties and lead to a 
better estimation. Tier 3 approach is the most accurate approach suggested by IPCC 
for calculation of emissions. It uses either detailed emission models or measurement 
data to estimate emissions wherever applicable. This approach is a good basis for 
estimation of non-GHG emissions apart from GHG emissions. The only drawback of 
this approach is that it can induce additional model uncertainties in the analysis. 
IPCC has provided a generalised decision tree (Shown in Figure 2.10) for the 
selection of approach for emission calculation from stationary equipment. 
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Figure 2.10 Decision tree for selection of tiers for emission calculations  
2.4.5.2 Australian National Greenhouse Gas Accounts (AGGA) 
Australian National Greenhouse Accounts is an annual report published by the 
Department of Industry, Innovation, Climate Change, Science, Research and 
Tertiary Education (AGGA, 2013). The report provides a wide range of greenhouse 
gas emission factors for different types of fuel types. These emission factors are 
provided in CO2 equivalent. The report divides emission factors based on fuel 
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combustion (energy), industrial processes, waste emissions, agriculture and land 
use change and forestry. The emission factors provided under energy, industrial 
processes and waste emissions are relevant to the current research study and 
therefore are further discussed in detail.  
A descriptive breakdown of the three major emission categories in Australian 
greenhouse gas account is shown in Figure 2.11. The emission factors under energy 
are further divided into direct and indirect emissions. Direct emissions are further 
divided into five major emission activities, including generation of energy, 
manufacturing processes, transportation, fugitive emissions and on-site waste 
management. Indirect emissions are a result of primary activity. The emissions under 
energy and transportation sectors are directly connected with construction stage of a 
building and therefore are discussed in detailed under this section. The emissions in 
energy sector are further divided into four major categories: 
 Stationary combustion of solid, gaseous and liquid fuels  
 Combustion of liquid and gaseous fuels for transport  
 Consumption of purchased electricity and  
 Extraction of fossil fuels  
Fuel based emission factors for both stationary equipment and transportation 
vehicles are provided for solid, liquid and gaseous fuels. Emission calculations are 
based on the following general equation: 
1000
EFECQ
=E
ii
ij  
2.25 
Where Eij represent the emissions (in kg-CO2e) from fuel type i for emission 
substance j and Qi is the quantity of the fuel type i and ECi is the carbon content 
factor for fuel type i and EF is the emission factor. 
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Figure 2.11 Australian greenhouse gas emission factors breakdown based on emission categories 
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2.4.5.3 United States Environmental Protection Agency (US EPA) factors 
US EPA is a governmental agency with the responsibility of safeguarding the 
environment and human health. It establishes standards and undertakes 
assessment through various studies and research to enhance environmental 
protection(Sihabuddin and Ariaratnam, 2009). It also takes initiative to improve public 
awareness by conducting various awareness programs. The standards published by 
this agency are important to various entities. US EPA has published two emission 
factors, non-road modelling and mobile machineries which are important in 
construction stage of a building. Non-road machines include construction machines 
and equipment and mobile machineries include vehicles such as trucks which are 
frequently used in construction sector. These standards are published by the 
Assessment and Standards division at the Office of Transportation and Air Quality in 
US EPA. This report estimates air pollution for more than 80 types of machineries 
which include machines such as marine engines, generators and construction 
equipment. 
The first set of emission factors in non-road machineries comprehensively covers 
pollutant substances for non-road stationary equipment such as carbon dioxide 
(CO2), carbon monoxide (CO), oxides of nitrogen (NOx), particulate matter (PM) and 
sulphur dioxide (SO2). Emission factors for all the above emission substances are 
provided by grouping them based on the engine power (USEPA, 2010). These 
provided emission factors are called the zero-hour steady state emission factors 
(Ess). This emission factor is then modified based on factors such as the emission 
state, age of the machine, cumulative usage and deterioration of the machine. This 
will provide a unique emission factor for each machine which is a good 
representation of practical emission pattern of machines. The second set of emission 
factors are for recreational marine and underground mining.  
The report stated the necessity of emission factors when carrying out emission 
studies. It further mentioned that emission factors for non-road engines are usually 
provided in g/hp-hr. The report provided emission factors for both exhaust emissions 
and crankcase emissions. Exhaust emissions are a result of burning fuel in the 
compressive ignition chamber and crankcase emissions are those emissions that 
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escape from the combustion chamber past the piston rings into the crankcase. US 
EPA NONROAD model assumes a 2% of the HC exhaust emission factor for 
crankcase emission factor.  
There are some important terms and definitions that need to be addressed before 
understanding the emission factor calculations provided by US EPA. These terms 
are briefly described in the following section. 
Emission standards – The report suggests four different emission standards to 
include in the calculation of emission factors. These standards are named as tier 1, 
tier 2, tier 3 and tier 4 emissions. These standards are then grouped based on five 
different regulations. For non-road diesel engines tier 1 and 2 are applied for engines 
with less than 50hp and tier 2, 3 and 4 for engines greater than 50hp.  
Steady state emission – Usually the tests to determine the emission rates of 
machines and equipment are carried out in laboratory under standard conditions. 
This standard condition is often called as steady state and the emissions at steady 
state are called as steady state emissions. These emission standards usually do not 
represent the actual emission pattern and often needs to be modified before applying 
to actual conditions. 
Load factor – Usually engine rated power is the maximum designed power level at 
its rated speed. When it comes to operating conditions, an engine works with 
different speeds and loads according to the working conditions and is quite rare that 
it will be able to sustain its maximum rated power. To incorporate this variation US 
EPA has introduced a factor named load factor which varies depending on usage 
pattern of the stationary engine. Load factor can be determined by finding the ratio of 
average power at use to the maximum rated power for a given use period. For an 
example an engine with a rated power 100 kW working at 0.4 load factor refers to 
working at 40kW under normal operation conditions. 
Median life – Life of an engine depends on several factors such as engine type, 
working conditions and power level. Usually it is observed that the engines with 
higher rated power and displacement have larger expected life. This expected life of 
an engine is called the median life. 
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Deterioration Factor (DF) – Every non-road model (stationary equipment) is 
subjected to wear and tear. This deterioration depends upon factors like the usage of 
the machine, type of fuel used and the age of the machine. US EPA introduces a 
deterioration factor to incorporate in stationary machine emission to encounter the 
correction of emissions due to deterioration. The following equation is used to 
calculate the deterioration factors for different stationary engine emissions. 
For Age factor  1 DF is given by: 
b
rel )factorAge(DF+1=DF  2.26 
For Age factor > 1 DF is given by, 
)factorAge(DF+1=DF rel  2.27 
Age factor is given by: 
DFrel, b = constant for a given pollutant/technology type 
For compression Ignition engines (Diesel fuel) the value of b is always 1. The 
derivation of value of A can be found in Appendix G of US EPA report for emission 
factors for non-road modelling (USEPA, 2010). The value of DFrel for non- road 
diesel engines is given in [APPENDIX B]. 
Transient Adjustment Factor (TAF) – The steady state emission factors are based 
on primary laboratory tests. This laboratory test conditions always will not represent 
the actual operation conditions at site. This difference can occur as a result of engine 
speed, load and the other factors. Therefore, US EPA introduces a transient 
adjustment factor (TAF) to encounter this difference. This TAF is applied to the 
steady state emission factor described before. TAF is applied for tier 0,1,2,3 
emission standards and a TAF value of 1.0 is applied for tier 4 engines. This is 
because transient adjustment control is an integral part of tier 4 engine design 
considerations. TAF is calculated by taking ratio between the transient emission 
loadfullatlifeMedian
factorLoad•hoursCumulative
=factorAge  
2.28 
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factor and the steady state emission factor. The value of TAF can be less than or 
greater than 1.0.  
Brake Specific Fuel Consumption (BSFC) – Brake specific fuel consumption is a 
fuel rate measurement. It is usually used to quantify CO2 and SO2 emissions 
because they are only dependent on the fuel consumed. BSFC is often given in 
lb/hp-hr. 
2.4.5.4 Inventory of carbon and energy (ICE) – University of Bath 
Inventory of carbon and energy is developed by the University Bath and is one of the 
most comprehensive and easily available inventories to obtain emission factors for 
building materials (Hammond and Jones, 2008a, Hammond et al., 2011). It covers a 
large range of major building materials from concrete, steel, cement, sand and brick 
to minor materials such as plastics, rubber etc. 
The system boundary used in ICE database is a cradle-to-gate approach. To 
maintain the consistency ICE database has employed an ideal system boundary. 
However, in certain instances due to issues in secondary data the system boundary 
was kept original without alterations. Table 2.16 demonstrates the system boundary 
for those special items. 
Table 2.16 Boundary conditions in ICE (Hammond and Jones, 2011) 
Item  Boundary treatment 
Delivered energy All delivered energy is converted into primary energy 
equivalent, see below. 
Primary energy Default method, traced back to the ‘cradle’. 
Primary electricity Included, counted as energy content of the electricity 
(rather than the opportunity cost of energy). 
Renewable energy (including 
electricity) 
Included 
Calorific Value (CV)/Heating 
value of fossil fuel energy 
Default values are Higher Heating Values (HHV) or 
Gross Calorific Values (GCV), both are equivalent 
metrics. 
Calorific value of organic fuels Included when used as a fuel, excluded when used as a 
feedstock, e.g. timber offcuts burnt as a fuel include the 
calorific value of the wood, but timber used in a table 
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excludes the calorific value of the wooden product. 
Feedstock energy Fossil fuel derived feed stocks are included in the 
assessment, but identified separately. For example, 
petrochemicals used as feed stocks in the manufacture 
of plastics are included. See above category for organic 
feedstock treatment. 
Carbon sequestration and 
biogenic carbon storage 
Excluded, but ICE users may wish to modify the data 
themselves to include these effects. 
Fuel related carbon dioxide 
emissions 
All fuel related carbon dioxide emissions which are 
attributable to the product are included. 
Process carbon dioxide 
emissions 
Included; for example CO2 emissions from the 
calcination of limestone in cement clinker manufacture 
are counted. 
Other greenhouse gas 
emissions 
The newest version of the ICE database (2.0) has been 
expanded to include data for GHGs. The main summary 
table shows the data in CO2 only and for the GHGs in 
CO2e. 
 
The inventory provides emission factors for embodied energy in MJ/kg of material 
and embodied carbon in kgCO2/kg of material. Its new update (V2.0) has converted 
most of the data into CO2 equivalents by incorporating other GHG emission factors, 
thus providing more accurate GHG emission factor for materials. 
2.4.5.5 European Emission Agency emission factors (EEA emission factors) 
EEA air pollutant inventory guidebook is a publication supported by many individuals 
including United Nations Economy Commission for Europe (UNECE), the European 
Environment Information and Observation Network (Eionet) and many industry 
organisations (EEA, 2013). The guidebook is widely accepted in Europe as the most 
comprehensive inventory for emission estimation methods. The scope of the guide 
includes two key functions. It gives functions for users to compile emission 
inventories to meet the quality criteria and provide emission factors and methods. 
The inventory of emission factors provided in the guidebook follows the IPCC 
process tree for selection of methodology for calculation of emissions. Pollutant 
emissions are categorised into five major groups based on the related process. The 
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structure of the guidebook is provided to carry out a complete emission study starting 
from methodology selection to validation. 
A tiered methodology similar to IPCC is provided for carrying out estimation of 
emissions. Tier 1 methodology employs a direct relationship between the activity 
data and the emission factors to calculate emissions. Therefore, the default tier 1 
emission factors are usually provided in terms of readily available activity data such 
as energy statistics, traffic counts and production statistics. These emission factors 
are derived from average processes and usually are independent from technology. 
Tier 2 methodology is similar to tier 1 methodology with the only difference being the 
use of country specific emission factors instead of default emission factors. 
Implementing country specific emission factors will provide a better analysis with 
details and completeness. Tier 3 Methodology is the most comprehensive approach 
for estimating emissions.  
The emission factors provided in this method are technology dependent and 
therefore provide inclusive analysis options. The activity data requirement for 
application of this approach can be challenging. For example, information on age of 
the machine, cumulative usage and work efficiency are required to calculate 
emissions from a machine. Therefore, selection of the most suitable methodology is 
vital task before conducting an emission study. The guidebook provides a selection 
method for selection of the methodology for estimation of emissions as shown in 
Figure 2.12. The decision tree provided is an excellent guide to set the scope and 
the system boundary before performing an emission study (IPCC, 2007, IPCC, 
2006). Out of the five emission categories provided in the guidebook, emissions due 
to non-road machines and transportation are important as buildings are involved in 
considerable amounts of equipment and transport vehicle usage at construction 
phase. The report categorises industry non-road machines based on the engine 
type.  
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Figure 2.12 Decision tree for selecting emission factors according to EEA  
[Source: (EEA, 2013)] 
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Table 2.17 Comparison of different emission factors that can be used to evaluate emissions of construction machines and equipment 
Emission Factor Advantages Disadvantages Applicability emission studies References 
IPCC 
factors 
Tier 1 & 2 
approache
s 
- Easy computation steps 
- Good for basic type analysis 
when less data is available 
- Not comprehensive 
-Many contain a lot 
of uncertainties 
- Can be used for basic 
analyses 
- Variation of emissions from 
different machines cannot be 
identified  
(Robertson et al., 2000, 
Olivier and Peters, 2005, 
Segalstad, 1998, 
Zabalza Bribián et al., 
2011, Seo and Hwang, 
2001, Chang and 
Kendall, 2011, Gentil et 
al., 2009, Fridley, 2008, 
Joseph et al., 2009, 
Reveised, 2006, IPCC, 
2007, Schneider and 
Moss, 1999, Li et al., 
2001, Suppiah et al., 
2007, Alcamo et al., 
1995) 
Tier 3 
approach 
- Most comprehensive analysis 
out of the three to evaluate 
emissions from stationary 
machines 
-Takes technology into account 
for calculations 
-Simple equation to determine 
the emissions 
- Time consuming 
- More complicated 
in carrying out the 
analysis 
- Practical difficulty 
with a complicated 
flow of activities 
- Ideal for evaluation of 
emissions from machines use 
- Only Greenhouse gas can be 
determined, which may be a 
drawback when construction 
stage is considered  
     
US EPA factors - Can be used for more 
comprehensive analyses 
- Unique emission factors for 
each machine 
- Easy comparison of emission 
Specific data are 
required 
Data collection is 
difficult 
Complications in 
- Ideal for evaluation of 
emissions from machine use 
- Effective comparison of 
different construction activities  
- Emissions from electricity is 
(Abolhasani et al., 2008, 
Dallmann and Harley, 
2010, Frey et al., 2010a, 
Frey et al., 2008a, 
Fruergaard et al., 2009, 
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patterns of different equipment 
- Covers a number of pollutant 
substances 
calculation  
Some conversion 
factors (mobile 
machines) can be 
country specific 
not included 
- Proper definition of 
assumptions required   
Kean et al., 2000, Lewis, 
2009, Lewis et al., 
2009a, Lewis et al., 
2011, Rasdorf et al., 
2010, Pokharel et al., 
2002, Millstein and 
Harley, 2009, 
Chowdhury et al., 2010) 
     
Australian National 
Greenhouse Gas 
accounts 
- Data collection is much easier 
- All factors are in CO2 
equivalents 
- Emissions due to electricity, 
wastes are included 
- Easy computation steps  
- Can be used effectively when 
fuel use for each activity is 
known 
- Fuel based 
emission 
categorization may 
not be correct all the 
times 
- Only covers certain 
greenhouse gas 
emissions 
 
- Difficulty in differentiating 
emissions of two machines 
with same fuel use 
- Analysis can be done just by 
knowing the fuel use of each 
equipment 
- Energy of construction 
materials is not being taken 
into account  
 
 
(Fruergaard et al., 2009, 
Wood and Cowie, 2004, 
Subak et al., 1993, 
Russell-Smith et al., 
2009) 
EEA 
approa
ch 
Tier 1 & 2  
approache
s 
- Easy to compute 
- Good for basic type analysis  
- Not comprehensive 
- Lot of uncertainties 
- Can be used for basic 
analyses 
(Kurokawa et al., 2013, 
Kurniawan and Khardi, 
2011, Velthof et al., 
2012, Pires and Tier 3 - Best approach to evaluate - Data collection can - Ideal for evaluation of 
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approach emissions from construction 
equipment out of the three 
methods 
- Similar to US EPA approach 
be difficult emissions from machinery use 
although not comprehensive 
like US EPA approach 
 
Martinho, 2013, 
Antanasijević et al., 
2013) 
     
ICE inventory - Ready Available 
- Includes most of the 
construction materials 
- A comprehensive database  
- Developed only for 
European 
conditions 
 
- Could be easily implemented 
in emissions studies after 
stating the limitations and 
assumptions 
(Hammond and Jones, 
2011) 
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 SUMMARY/ RESEARCH GAP 2.4.6
This section reviewed previously developed mathematical models and emission 
factor inventories to estimate emissions in the construction phase. It can be 
observed that selection of the most accurate mathematical model and emission 
factor plays a vital part in developing a comprehensive methodology for emissions 
evaluation at construction phase of buildings. It was also observed that a large 
number of previous studies have concentrated on the material emissions compared 
to other emissions, such as emissions from construction equipment and 
transportation.  Moreover, it was also observed that although hybrid models are 
found to be the most comprehensive models, most of them opted for process based 
models. There are several reasons for this: 
1. Process based models are easy to compute and easy to define the assumptions , 
limitations and objectives; 
2. Process based models are the most effective models to analyse impacts from a 
case study; and 
3. Easy computations can be performed using a process based model. 
A complete summary on the preceding literature review section is given in Figure 
2.13. 
Review on 
Mathematical models
Review on Emission 
factors
Country specific emission factors should be used as much possible
Fuel based emission factors are best for estimating GHG emissions
For non-GHG emissions evaluation a machine based emission factor 
would be more suitable 
Hybrid models are the most consistent model to analyse 
environmental impacts of products life cycle
However, Process based models are most frequently used due to its 
advantages over other models
A model should be chosen to address scope. Objective, limitations 
and the system boundary of the study effectively
 
Figure 2.13 Summary of the review on emission evaluation 
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2.5 DECISION MAKING AND INTERPRETATION METHODS 
 DECISION MAKING METHODS 2.5.1
During impact assessment of a LCA study, it is required to assign weighting criteria 
for the selected impact indicators to interpret the obtained results according to the 
scope and objectives of the study. But assigning weights for the impact indicators 
can be a daunting task as it requires expert decisions. Therefore, a simple decision 
making method is required which would optimise the multiple decisions into finding 
the most accurate weightings for the impact assessment.  
2.5.1.1 Analytic hierarchy process (AHP) 
Analytic Hierarchy Process (AHP) is a process where judgements and 
measurements can be integrated into a decision making system (Saaty, 1988). AHP 
was initially introduced by Saaty to achieve complex problem solving trough a 
hierarchy view. He proposed a nine point intensity scale table which enables the 
decision-maker to perform both qualitative and quantitative pairwise comparisons 
between two indicators. Table 2.18 illustrates the linguistic terms proposed by Saaty. 
Table 2.18 Scaling criteria suggested by Saaty (1988) 
Scale Linguistic term 
1 Equally importance of both elements 
3 Moderate importance of one element over another 
5 Strong importance of one element over another 
7 Very strong importance of one element over another 
9 Absolute importance of one element over another 
2,4,6,8 Intermediate values 
  
Al Khalil (2002) used AHP process to select the most appropriate project delivery 
method. He developed a simple model which enables the users to consider all the 
decision-specific factors. Mahdi and Alreshaid (2005) also used AHP in their study 
on selecting the most appropriate project delivery method. The compatibility of three 
project delivery methods was compared with various owners and projects. On the 
other hand, Al-Harbi (2001) used AHP effectively in project management as a 
potential decision making tool. Commercially available software was used to perform 
AHP implementation steps. 
90 
 
Wei et al (2005) used AHP process to develop a comprehensive framework in 
effectively selecting the most suitable enterprise resource planning (ERP) system. 
AHP was chosen as the decision making method, because it can accelerate the 
development of consensus amongst the decision makers. 
A more specific application of AHP is called pairwise comparison. The pairwise 
comparison (PC) is a one-on-one comparison between every indicator in the 
decision making system. The expert judgements are utilised to obtain relative 
importance of each indicator with respect to the criteria considered. These 
judgements are then utilised to form a matrix where relative weights for the each 
indicator for the considered criteria. Pairwise comparison provides a finer analysis of 
the responses provided by the expert team. Mendoza et al (1999) rate PC as a finer 
analysis based on the following advantages: 
1 PC method measures both ordinal and cardinal importance of the indicators with 
the use of likert rating 
2 More specific responses can be collected  because each indicator’s importance 
is collected with respect to all the other indicators 
3 A consistency index (CI) can be calculated to check the consistency of the 
responses and it also helps to locate the inconsistences with accuracy. 
Calculation of weighting factors and the stepwise procedure for calculation of CI is 
mentioned below using the following example. 
Consider a numerical scale as shown in Table 2.19. For instance let’s assume that 
four criteria are considered for pairwise comparison. A sample response form is 
shown in Table 2.20. The highlighted terms denote a response from an expert. A to 
D denote the four indicators.  
Table 2.19 Numerical scale considered for pairwise comparison 
Scale Meaning/Interpretation 
1 Equally important 
3 Moderately important 
5 Strongly important 
7 Very strongly important 
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9 Extremely More important 
 
Table 2.20 Response form for the pairwise comparison example 
Indicator 1 Criteria response Indicator 2 
A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 B 
A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 C 
A 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D 
B 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 C 
B 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D 
C 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 D 
 
For the response considered, a comparison matrix can be generated as shown in 
Table 2.21. This matrix is a way of arranging the gathered data accurately. The 
major characteristics of the matrix are given below: 
 The first element is 1 because of comparing each indicator with itself 
 The second element is 1/6 because according to the expert response suggest 
indicator B is strongly more important (value 6) than indicator A. 
 Similarly all the elements of the matrix are created based on the expert’s 
responses 
Table 2.21 Judgment matrix for pairwise comparison 
Indicator A B C D 
A 2 1/6 1/2 2 
B 6 1 1 1/2 
C 2 1 1 3 
D 1/2 2 1/3 1 
 
To calculate the relative weights the following steps should be followed: 
Step 1: Column totals of the matrix should be taken as shown in Table 2.21; 
Step 2: Normalize the elements in each column by dividing by the column total; 
Step 3: Divide the row totals by the number of indicators compared; and 
Step 4: Calculate the relative weights for the indicators based on the inputs. 
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[Source: (Mendoza et al., 1999)] 
Once the relative weights are calculated it is important to calculate the consistency 
index (C.I.) to check how logically consistent are the responses obtained. Calculation 
of C.I. is according to the following procedure: 
Step 1: Multiply the column totals for each indicator by the calculated relative 
weights for each indicator 
Step 2: Subtract the number of elements from the result of step 1 
Step 3: Divide the result of step 2 by the number of indicators less one 
Step 4: If the obtained value is less than or equal to 0.1 then the responses collected 
are reliable 
2.5.1.2 Artificial intelligence applications  
Artificial intelligence (AI) methods are used to reduce significant amount of time and 
complexity of model calculations (Yen and Langari, 1999). AI methods can be used 
as decision making systems because it can critically analyse a system based on a 
number of inputs. Duling and Jacobus (2007) summarises some of the typical 
systems that uses AI applications as follows: 
 Rule-based expert systems 
 Fuzzy logic systems 
 Frame-based expert systems 
 Artificial neural networks (ANN) 
 Genetic algorithms (evolutionary computation) 
 Hybrid intelligent systems 
Two commonly used AI used systems are artificial neural networks (ANN) and fuzzy 
logic systems. 
ANN approach function is similar to the way a human brain performs through its 
densely interconnected set of nerve cells called neurons (Negnevitsky, 2005). A 
typical ANN is made out of a number of interconnected neurons which performs 
under three basic nodes (Dawson and Wilby, 1998). The first is the input layer which 
93 
 
is used to feed input information to the network. This type of network is called feed 
forward network in which information is passed through the input layers through the 
hidden layers into the output layers to obtain the results (Dawson and Wilby, 1998). 
A typical layout of an ANN topology is given in Figure 2.14. 
I1
I2
I3
O1
O2
INPUT LAYER
HIDDEN LAYER
OUTPUT LAYER
OUTPUTS
INPUTS
 
Figure 2.14 A typical artificial neural network 
 INTERPRETATION METHODS 2.5.2
Interpretation of a LCA study can be of two parts (Skone, 2000). The initial part is the 
accurate definition of the information and methodologies of the first three stages of a 
LCA. The second part is to evaluate the completeness, sensitivity and consistency of 
the study. The three checks are essential to establish the reliability and the accuracy 
of the data and methodology adopted. 
 Completeness Check – It investigates the completeness of the study 
 Sensitivity Check – assessment of the elements that greatly affect the output 
of the study 
 Consistency Check – Evaluation of the consistency in defining the system 
boundary, assumptions, data collections and impact assessment methods 
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There are several completeness and consistency checks essential to establish an 
accurate LCA study. These checks are extensively in the following section. 
2.5.2.1 Completeness and consistency checks in LCA studies 
A typical LCA model may incur several uncertainties and variations in its used data. 
Thus, a clear assessment for data quality is required to address the reliability of 
obtained LCA results. Uncertainties and variations in a model can be due to different 
issues. Sonnemann et al (2003) define uncertainty and variation as follows: 
“Variability can be defined as inherent variations of the real world 
whereas uncertainty is defined as is a result of inaccurate 
measurements, lack of data and model assumptions” 
Huijbregts (1998) categorised uncertainty and variability of a LCA study into six 
major parts: 
1 Parameter uncertainty – A large amount of data is used for the inventory and 
impact assessment of a LCA study. Due to these parameter uncertainties, the 
final LCA output is affected by uncertainty. This type of uncertainty is called 
parameter uncertainty. Empirical inaccuracies, unrepresentativity caused by 
incomplete or out-dated measurements and lack of data.        
2 Model uncertainty – A typical LCA model may inherit limitations for modelling 
some aspects. These assumptions result in uncertainty of the model. Large model 
uncertainties will lead to misleading parameter uncertainty analysis results.  
3 Uncertainty due to choices – A LCA study is not possible without certain 
choices. For instance certain choices on functional units, characterisation 
methods and weighting factors should be made which will generate uncertainties 
on the output. 
4 Spatial variability – In most of the LCA studies the emission variation due to 
location change is not taken into account. This will lead into spatial variability. For 
instance most of the studies use laboratory developed emission factors without 
considering outside emission pattern which will result in spatial variations. 
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Moreover most of the LCA software uses European average data in inventories 
which will not reflect the real world situation. 
5 Temporal variability – Variations of the emissions and the corresponding 
technical process characteristics are defined as temporal variability. 
6 Variability between sources and objects – In both inventory and impact 
assessment variations in objects and sources may affect the LCA output. For 
example, use of different techniques in production of a same material may 
express different inventories. 
Therefore, it is important to accurately address the six aspects to justify the validity of 
the research study conducted. 
The sensitivity analysis is extensively discussed in the scenario analysis chapter. 
2.6 ESTABLISHING RESEARCH GAP (CONCLUDING REMARKS) 
The preceding literature review concentrated on key areas of study relevant to the 
current research study. The whole review was classified under five major headings: 
green construction practices, environmental impacts assessments, environmental 
emissions in a building, emission evaluation and data validation & interpretation. 
Initially, an extensive review was carried out on green construction practices to 
apprehend the concept of green buildings and its rating systems. The review derived 
that although most of the green rating systems include a comprehensive assessment 
of environmental sustainability, the provision for emissions at the construction stage 
was at minimum consideration. Even though impacts of construction phase are 
involved in some rating tools, a building can achieve high ratings while completely 
neglecting them as they are not compulsory. This highlighted the significance of 
emissions at the construction stage. 
Then the literature review was directed towards environmental impact assessments. 
It was found out that LCA was the most accurate and comprehensive assessment 
method for evaluation of impacts at construction stage of a building. Therefore, 
further study was conducted on LCA and its commercially available evaluation 
software. Although the international standard (ISO 14040) has published a well-
defined process for assessment there are certain issues associated with emission 
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studies at the construction phase that force researchers to neglect the construction 
phase. It was also found out that most of the commercially available LCA software 
either lacks a reliable inventory or involves a complex modelling process during 
analysis of environmental emissions at the construction phase. Moreover, 
contractors and designers seek a simple tool which enables them to evaluate 
emissions at construction phase with minimum effort. Therefore, the need for a 
simple toolkit which could capture emissions at the construction stage was identified.   
Next, the review was concentrated towards emission studies on buildings. It was 
concluded that emissions at the construction phase were seldom given consideration 
due to various complications. Moreover, even the few emission studies on the 
construction phase considered only GHG emissions and neglected some important 
non-GHG emissions which are inherent at the construction phase. Therefore, the 
research boundary was extended to incorporate non-GHG emissions at construction 
phase. The extensive review on building construction concluded that earthworks and 
structure construction are dominant from environmental emissions point of view.  
The review on emission evaluation concentrated on the mathematical models and 
emission factor inventories that can be used to estimate emissions at the 
construction stage of a building. Mathematical models to estimate embodied 
emissions from materials, emissions from equipment usage, transportation, 
electricity consumption and models to quantify construction waste were reviewed. In 
addition to mathematical models, five major emission factor inventories were 
reviewed to identify the pros and cons of each of the inventories. A common 
similarity which is the ability to assess the emissions at project level was observed in 
most of the models available to estimate emissions at the construction stage. Project 
level emissions refer to the emissions estimated for the whole construction stage. 
However, an in-depth analysis is required for effective estimation and comparison of 
emissions at the construction stage. This in-depth analysis can be performed either 
at the activity level or the equipment level. Therefore, it highlights the necessity to 
further refine and develop these project level models to be able to perform an in-
depth emission analysis.   
Finally the research review focused towards data validation and decision making 
methods. Decision making methods were reviewed to identify the most accurate and 
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practical method to obtain expert knowledge in identifying the critical factors to be 
considered in conducting an emission study at the construction stage of a building 
and the weighting factors for impact assessment. Out of the decision making 
methods reviewed AHP process was identified as the most suitable and practical 
method to obtain expert decision making opinions.   
In conclusion, all the reviewed topics were actively contributed towards identifying 
the research gap and development of methodological research framework.  
Figure 2.16 summarises the conclusions of each section of literature review which 
will aid in developing the research methodology framework. An extensive literature 
review showed that studies have seldom concentrated on emissions in the 
construction phase of a building. Not only it is being neglected, but some studies 
have also approximated these emissions stating the insignificance of emissions at 
construction phase when compared to the emissions in whole life cycle of a building. 
Based on the observations the current research gap which is shown in Figure 2.15 
was identified.  
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Figure 2.15 research gap and focus                                                                                                                                         
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Figure 2.16 Literature Review breakdowns 
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3. RESEARCH METHODOLOGY 
3.1 INTRODUCTION 
The major focus of the chapter is to develop a methodology, aiming to estimate and 
compare environmental emissions at the construction phase of buildings. An 
inclusive research process is carried out in order to address the research objectives. 
A combination of questionnaire survey, interviews and case studies were employed. 
The questionnaire was designed to obtain the knowledge on weighting factors for 
impact assessment. Case studies of construction projects were utilised to acquire 
site specific data and information. The following sections provides a detailed 
description of research design, implementation process, development of 
methodological framework and methodology for the calculation of emissions from 
different emission sources at construction stage.  
3.2 CRITICAL FACTORS FOR EMISSION STUDY AT THE CONSTRUCTION 
STAGE 
The literature review in the preceding chapter identified 14 major factors when 
conducting an emission study at the construction stage of buildings. These major 
factors either complicate or persuade the researchers to neglect emission studies at 
the construction stage of a building. The identified factors were then presented to 
environmental scientists who work closely with the construction industry to obtain 
further expert advice. Subsequently, four factors were further included, shown in 
Table 3.1. 
The major objective of this analysis is to identify the most important factors when 
developing the research methodology.  A questionnaire survey was circulated 
among professionals to obtain their opinions to identify the most important factors 
among the 18 factors classified. 
Table 3.1 Factors identified from literature review 
No Factor Description Reference 
F1 Lack of generic system boundary (Singh, 2011) 
F2 Variations of assumptions made (Mao et al., 2013) 
F3 Difficulty in collection of construction site specific data (Singh, 2011) 
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F4 Lack of guidance to a systematic methodology (Gangolells et al., 2009) 
F5 Uncertainties and uniqueness in construction methods (Abolhasani et al., 
2008) 
F6 Lack of effective data inventories to estimate non-GHG 
emissions  
(Sandanayake et al., 
2015) 
F7 Complex modelling issues Interview 
F8 Lack of R&D initiations on emissions at construction 
stage 
Interview 
F9 High cost associated with data collection process Interview 
F10 Time consuming nature in data collection (Hong et al., 2015) 
F11 Difficulty in using commercial LCA software tools Interview 
F12 The variation of calculations in mathematical models (Abanda et al., 2013) 
F13 Negligence of industry towards control of emissions at 
the construction stage 
(Yan et al., 2010b) 
F14 Insignificance of GHG emissions at the construction 
stage of a building 
(Guggemos and 
Horvath, 2006) 
F15 Lack of rules and regulations to control emissions at 
construction stage 
Interview 
F16 Less economic return for industries in carrying out the 
analysis 
Interview 
F17 Lack of technologies and innovations Interview 
F18 Commercial sensitivity of most of the data (Singh, 2011) 
  QUESTIONNAIRE SURVEY DESIGN AND DATA COLLECTION 3.2.1
The questionnaire consisted of two major parts. The first part involved collection of 
basic information of the respondent to examine their experience on the relevant 
area. The second part comprised of gathering responses from a five-point likert scale 
while 5 represent “strongly agree” and 1 represents “strongly disagree”. 
The questionnaire was uploaded into an online questionnaire and the link was sent 
to several individuals through social media, emails and academic contacts. A total of 
120 questionnaire requests were distributed among experienced individuals with a 
request to forward the questionnaire link to other colleagues holding the expert 
knowledge in this area. Genuine and completed responses obtained from the 
questionnaire survey were used to collect the required data sample. Among the 120 
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sent questionnaires, 95 were collected with a response rate of 79.2%. Among the 95 
respondents, 43% were environmentalists working in the construction industry, 40% 
were construction managers and engineers, and 17% were architect? designers. 
And 80% of the respondents had more than 10 years’ experience and the res had 5-
10 years of experience in the construction industry.  
 DATA ANALYSIS APPROACH 3.2.2
Internal consistency among the various factors and the reliability of the five-likert 
scale was examined using the Cronbach’s coefficient alpha. The obtained alpha 
value was 0.872, which was higher than the acceptable value of 0.5, which suggest 
that the five-likert scale was reliable at 5% significance level (Sekaran, 2006). Thus it 
can be concluded that the obtained results are suitable for further statistical analysis. 
The ranking analysis by using the mean score is a very popular method used by 
researchers in similar studies to rank the factors based on the relative importance 
(Kadziński et al., 2012). To maintain the uniformity on ranking, if two factors are 
found with the same mean score, the factor with the minimum standard deviation 
(SD) was given the higher rank. 
Factor analysis is a well renowned statistical method which is used for data reduction 
in the field of project management. It can be effectively used to describe the 
variability among larger number correlated variables from a cluster of factors 
observed to identify them in an easily understandable framework (Sekaran and 
Roger, 2003).  
 RESULTS AND OBSERVATIONS 3.2.3
Factors with mean values higher than the average total value are identified as the 
critical factors affecting an emission study at the construction stage of buildings. 
Table 3.2 shows the 18 factors tabulated according to the descending order of the 
rank mean value obtained by each factor.  
Eleven factors above the average total value were identified and categorised as 
important factors for further analysis. After categorising the factors based on their 
mean values, the factors with same mean values are re-organised based on the SD. 
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For instance, factors F1 and F18 have the same mean; however, the SD of F1 
(0.967) is less than that of F18 (1.068), hence F1 is given a higher rank than F18. 
Table 3.2 Ranking analysis results 
Factor 
Response frequency 
Mean S.D. Rank 
1 2 3 4 5 
F1 6 7 23 27 32 3.758 0.967 1 
F18 4 12 19 28 32 3.758 1.068 2 
F15 3 12 21 31 28 3.726 1.125 3 
F3 7 13 21 26 28 3.579 1.128 4 
F4 8 12 22 25 28 3.558 1.044 5 
F5 8 15 23 19 30 3.505 1.079 6 
F10 10 12 20 26 27 3.505 1.098 7 
F13 7 12 27 28 21 3.463 1.008 8 
F7 8 12 27 27 21 3.432 0.921 9 
F14 3 21 23 30 18 3.411 1.038 10 
F16 6 18 30 20 21 3.337 1.063 11 
F6 12 18 28 22 15 3.105 1.248 12 
F9 11 21 28 21 14 3.063 1.152 13 
F2 7 31 22 21 14 3.042 1.348 14 
F12 11 21 37 8 18 3.011 1.093 15 
F8 5 32 28 18 12 3.000 1.527 16 
F11 15 32 21 15 12 2.758 1.327 17 
F17 32 21 12 14 16 2.589 1.088 18 
Factor analysis was conducted in SPSS 21.0. The Kaiser-Meyer-Olkin (KMO) value 
to check the sampling adequacy was found out to be 0.875, which is greater than 
0.50 with a significance level of 0.000. This signifies that the identified sample set is 
suitable for factor analysis. The principal component analysis extracted three 
components with eigenvalues greater than 1 which accounts for 84.448% of the total 
variance. Table 3.3 summarises the results obtained from the principal component 
analysis.  
Table 3.3 Total variance obtained for critical factors 
Component 
Initial Eigen values 
Total % of variance Cumulative % 
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1 6.528 59.341 59.341 
2 1.699 15.446 74.787 
3 1.063 9.661 84.448 
Table 3.4 Rotated component matrix results 
Factor Description Comp 1 Comp 2 Comp 3 
F16 High investment cost to industry to carry 
out the analysis without an economic 
return 
0.965 - - 
F18 Commercial sensitivity of the data 0.960 - - 
F15 Lack of rules and regulations to control 
emissions at construction stage 
0.934 
- - 
F13 Negligence of industry towards 
controlling emissions at construction 
stage 
0.926 
- - 
F14 Insignificance of GHG emissions at 
construction stage of a building 
0.908 
- - 
F7 Complex modelling issues 0.832 - - 
F4 Lack of guidance to a systematic 
methodology 
 0.785 
- 
F5 Uncertainties and uniqueness  in 
construction methods 
- 0.730 
- 
F1 lack of generic system boundary  - 0.719  
F10 Time consuming nature in data collection -  0.971 
F3 Difficulty in collecting construction site 
specific data 
- - 0.787 
 
Each of the 11 factors belonged to one of the following three components with a 
factor loading value of greater than 0.70. According to the results in Table 3.4, 
component 1 has the most number of factors (six) while Components 2 and 3 include 
3 and 2 factors, respectively. The factors in Component 1 explain the unimportance 
and the difficulty of emission evaluation of emissions at the construction stage. The 
component 2 pertains to the difficulty of defining an accurate scope for the emission 
study at the construction stage. The final component corresponds to the data 
collection issues during an emission study at the construction stage of a building. 
Thus the three components can be renamed as follows: 
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 Component 1: Unimportance and difficulty of emission evaluation 
 Component 2: Difficulty in defining an accurate scope for the study 
 Component 3: Data collection issues 
The factors in the three components should be suitably addressed or defined in the 
methodology to achieve an optimum research study at the construction stage of a 
building. 
3.3 RESEARCH DESIGN  
Research design is a process which provides an interconnection between data 
collection and data analysis (Bryman and Bell, 2015). An accurate research design 
can pave the way to a systematic research process which reflects the quality of the 
research. According to Sekaran (2006) a typical research design should be able to 
address the following six issues: including purpose of the study, type of investigation, 
extent of research interference, study setting, unit of analysis, and time horizon. 
Figure 3.1 shows the typical contents of a research process. 
 PURPOSE OF THE STUDY 3.3.1
A research can be categorised into five classifications based on the purpose of the 
study: instrumental, descriptive, exploratory, explanatory and interpretive (Uma and 
Roger, 2003). The major objective of the instrumental research is to construct a 
research argument and experimental research for a known research outcome from 
already developed theories and methods. On the other hand, exploratory research 
concentrates on research issues that have been less considered in previous studies. 
The initial research process includes an extensive literature reviews, pilot studies or 
interviews to thoroughly identify the research gap. Interpretive research focus on 
finding outcomes to a theoretical framework or model wherever empirical testing is 
not suitable (Sekaran, 2006).  
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Figure 3.1 Contents of a typical research design process 
The purpose of the current research study is to develop an integrated toolkit by 
critically estimating and comparing emissions at construction stage of buildings. As 
identified in the literature review, there exists a convincing research gap on 
environmental studies and lacks a simple toolkit to measure the emissions at 
construction stage effectively. As the study aims to explore an existing process using 
a tested proposition, it can be categorised into exploratory study. Since the research 
also includes developing a model to fit the research findings and includes a 
systematic analysis of a process, it can be partially classified as interpretive and 
descriptive.  
 TYPE OF INVESTIGATION 3.3.2
In general, a research is categorised as a casual or correlation study based on the 
type of investigation (Sekaran and Roger, 2003). A casual study is the process of 
defining the factors and causes for a research problem by identifying the 
relationships between the variables. On the contrary, a correlation study defines the 
variables that are associated with the research problem. However, selecting the 
investigation type for a research is solely dependent on the research questions and 
the problem definition.  
The present research is carried out at two different stages. The first stage is to 
identify and define the factors that affect emissions at the construction stage. On the 
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contrary the second stage is to estimate and compare emissions at the construction 
stage of buildings for different construction techniques. Therefore, the study can be 
categorised as a combination of casual and correlation studies in which the initial 
stage is a casual study and the latter is a correlation study. 
 UNIT OF ANALYSIS 3.3.3
‘Unit of analysis defines the level of data aggregation during the 
analysis of the research study which should be defined at the stage 
of research questions formulation (Sekaran and Roger, 2003). In 
simpler words, the unit of analysis is the smallest unit addressed 
during the data collection process. Consequently the unit of analysis 
can be individuals, dyads, groups, divisions or industries.’ 
The data collection process of the current study is established on emissions 
determination at construction stage of building. Data were collected from 
construction site and individuals related to construction and environmental emissions 
industry. Thus, the unit of analysis is the building construction industry and its 
relevant groups on environmental emissions. 
 EXTENT OF RESEARCHER INTERFERENCE 3.3.4
Extent of researcher interference defines the amount of interference the researcher 
has on the research study. This amount is dependent on the ‘type of investigation’ of 
the study (Sekaran, 2006). A correlation study is said to be with minimal researcher 
interference compared to casual study (Bryman and Bell, 2015). Even though some 
researcher interference exists due to the disruptions in the natural work flow during 
the process of defining variables, it is minimal when compared to a casual study. On 
the contrary a casual study may inherit considerable interference due to the 
deliberate manipulation of variables in order to investigate the desired effect. 
The initial stage of the current study included defining the methodology and factors 
for the analysis which is a casual study. However, the definition of variables and 
methodology involved extensive literature review and justifications to keep the 
researcher interference at a minimum level. Being a correlational study, the final 
stage of the study is of minimum researcher interference. In conclusion, the 
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researcher interference was kept at a minimum level during the whole research 
study period. 
 STUDY SETTING  3.3.5
Study setting can be contrived and non-contrived in nature (Sekaran and Roger, 
2003). A contrived study setting is the one which is done in artificial study or 
unnatural work settings whereas a non-contrived work setting includes more normal 
work settings. Casual studies are categorised as contrived study settings whereas 
correlation studies are known to be non-contrived study settings. 
The present study embraces a correlation study and a casual study with minimum 
researcher interference. Thus the study can be categorised as non-contrived study. 
 TIME HORIZON 3.3.6
A research study is classified into cross-sectional and longitudinal based on the time 
horizon (Sekaran and Roger, 2003). A cross-sectional study is the study where data 
are collected only once over a period of time which can be days, week or months. 
On the contrary, the study which requires more than one data collection process is 
classified as a longitudinal study. 
The data required for the current research study is collected once over a period of 
months from the construction site of buildings and hence can be classified as a 
cross-sectional study.  
 DEVELOPMENT OF THE METHODOLOGICAL FRAMEWORK 3.3.7
The whole LCA is an iterative process and hence adopting a systematic procedure 
would be extremely difficult. In such cases, the ideal way to carry out such an 
analysis is to follow a methodological framework in terms of a stepwise flowchart 
process. Especially in the case of emissions estimation at the construction stage, the 
framework provided by the international standard ISO 14040, would only provide a 
broader framework which needs further expansion. Thus, a generalised 
methodological framework as shown in Figure 3.2 is developed to execute a 
comprehensive emission analysis at construction stage. 
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According to the framework, the entire procedure can be classified into three distinct 
stages. The initial stage is about developing a framework that will provide a strong 
foundation in carrying out the analysis (Dixit et al., 2012). This includes a proper 
identification of goal and scope, drawing the system boundary and creating a 
methodological framework. This initial stage focuses on one of the most important 
aspects of the whole analysis which is defining the functional unit. The functional 
unit, if not defined accurately, can provide distorted results which will misinterpret the 
whole analysis (Rebitzer et al., 2004). Functional unit will also provide the basis of 
analysing and comparing the outputs of a process or product through its input. The 
next step from the initial stage is the development of system boundary. The life cycle 
of buildings includes a number of phases which includes a large number of activities 
which might be difficult to analyse. Even in one phase, there are a large number of 
activities that are practically not easy to be analysed at a given stretch. Hence, it is 
important to identify the most crucial activities that contribute to environmental 
emissions and to define a system boundary to address the intended objectives. 
Originating a framework for the method of analysis is the next step at initial stage. In 
this step it is required to identify the activities inside the system boundary that may 
have significant contribution towards environmental emissions. This will simplify the 
analysis because including all the activities inside the system boundary will not only 
complicate the analysis but also lessen the effect on the total environments. The final 
step of the initial stage is to select the analysis method. Selection of a method 
requires intensive literature review and data availability. If enough data is available, it 
is always advisable to adopt a process analysis as it will provide more 
comprehensive results. For a comprehensive analysis it is important to define the 
initial stage precisely as the accurate outcome of other stages solely depends upon 
the completeness of the initial stage. 
The second stage includes data collection and identification of impact indicators for 
the analysis. Data collection should be carried out with careful attention and need to 
make sure that all the sufficient data are collected to evaluate the environmental 
impacts. It is also important to identify the most important impact categories 
associated with emissions at construction stage.  
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The middle stage requires a considerable amount of time for data collection, which 
decides the quality and effectiveness of the entire analysis. In cases where failure to 
establish a quality inventory, it is important to repeat the initial stage either by 
reforming the methodological framework or by changing the method of analysis.  
The final stage provides the results of the modelled analysis. LCA in construction is 
often faced with the difficulties of lacking available data in software databases. In 
such cases before commencing the analysis, it is required to update the database 
with the required data. Data analysis was followed up by data validation which is 
often divided into sensitivity analysis and uncertainty analysis. Sensitivity analysis 
checked the amount of sensitivity between input and outputs of the analysis 
(Mokhtari et al., 2006, Savolainen, 2013, Mattila et al., 2013) while uncertainty 
analysis will determine the uncertainties associated with data and outputs 
(Sonnemann et al., 2003, Ao, 2011). There are number of sensitivity and uncertainty 
analysis methods that have been used in various studies in LCA (Hayes, 2011, Dong 
et al., 2013, Ardente et al., 2005). Selection of proper method for the consistency 
checks will reduce the work load and they would also provide a reliable outcome.  
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Figure 3.2 Methodological framework for the study 
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3.4 RESEARCH PROCESS 
The Research Process aims to illustrate how the research questions and objectives 
are achieved. The process model can be explained based on five stages as shown 
in Figure 3.4.  
The first stage of the research study was to carryout extensive literature review in 
order to identify the research gap and the significance of the study. Once the 
research gap is identified, a conceptual framework was developed to identify the flow 
of the research. The design of the framework was according to the guidelines 
provided in the international standards of life cycle assessment; ISO 14040 and ISO 
14044 (Finkbeiner et al., 2006).  
The second stage was to develop mathematical models and select the appropriate 
emission factors to effectively estimate emissions at construction stage of buildings. 
The development stage of these mathematical models involves identification of most 
frequent and important emission sources and substances at construction stage, 
review of previously developed mathematical models to estimate emissions from 
different emission sources, identification of practical difficulties in collection of 
required data for the mathematical models and development of the most suitable 
mathematical models to estimate emissions at construction stage of buildings. 
The next stage of the research study was to collect the required data for emission 
estimation from the mathematical model developed. Simultaneously, a toolkit was 
designed and developed to aid the users to effectively estimate and compare 
emissions at construction stage with minimum effort. The developed mathematical 
models were included in the emission calculations of the toolkit. 
The fourth stage of the research was to utilise the data collected in the preceding 
stage in data analysis. Data analysis was carried out to determine emissions at 
foundation stage and building core construction stage. The collected data from the 
three case studies were used effectively to achieve data analysis from several 
aspects. Moreover, these data was again used to verify the functions of the 
developed toolkit. Statistical analyses and case study data were used to validate the 
models and the process in the toolkit.  
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The final stage of the research was to benchmark the construction process by 
suggesting possible emission reduction techniques. This is achieved by conducting 
several scenario analyses to investigate the emission variations. Several scenarios 
corresponding to each construction stage and emission sources are considered to 
minimise emissions at the construction stage of buildings. 
3.5 DEVELOPMENT OF THE METHODOLOGICAL (CONCEPTUAL) 
FRAMEWORK 
 GOAL OF THE STUDY 3.5.1
The major objective of the study is to critically analyse the environmental emissions 
associated with the construction of buildings. Therefore, the current study focuses 
on: 
 Understanding the environmental impacts of buildings and identifying the 
possible factors that affect emissions at construction stage of buildings, 
 Exploring environmental emissions at construction stage for various material, 
construction technique options, 
 Supporting the final decision with reliable information in minimising 
environmental emissions at construction stage of a building, and   
 Development of a toolkit to enhance the decision making approach on 
environmental emissions at construction stage of a building. 
The intended audience for the current research study is the contractors and 
designers in construction industry. Moreover, the research also addresses external 
stakeholders and interested parties on environmental emissions at construction 
stage of a building.  
The life cycle phases of the study include: 
 Cradle-to-gate production of energy supply and raw materials needed for 
manufacturing and production of construction materials 
  Energy consumption of equipment used at construction site, 
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 Transportation of construction materials from manufacturing to the 
construction site, 
 Transportation of construction waste to the recycling plants and landfill sites, 
and 
 Electricity production and consumption 
 SCOPE AND THE SYSTEM BOUNDARY FOR THE STUDY 3.5.2
The following section describes the general scope of the research study to achieve 
the stated goals in the preceding section. The section includes the identification of 
specific products to be assessed, the supporting product systems, and the boundary 
of the study, allocation procedures and cut-off criteria. Figure 3.3 illustrates the life 
cycle stages associated with the functional units of the study. 
Materials 
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Materials 
production
Materials 
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construction and 
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Energy consumption 
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Construction 
waste generation
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production
Transport 
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Consumption of 
resources
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SYSTEM BOUNDARY
 
Figure 3.3 Life cycle flow diagram (system boundary) for the study 
 FUNCTIONAL UNIT OF THE STUDY 3.5.3
The function unit of the current research study address the construction of a building. 
This includes construction materials manufacture, production, installation, 
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transportation and energy consumption from construction equipment during the 
construction stage.  
Therefore, the functional unit for the study is chosen as: 
TOTAL AREA OF CONSTRUCTION IN M2 
The associated other flows corresponds to the total area of construction of the 
building. 
 TIME COVERAGE 3.5.4
Primary data were collected on: 
 Quantity of materials used for construction 
 Electricity consumption 
 Transportation modes and distances 
 Fuel consumption for material transportation 
 Fuel consumption for construction equipment used at site 
 Usage hours of construction equipment 
The data corresponds to 2011/2015 timeframe. 
 TYPE OF PROJECTS 3.5.5
Three case studies corresponding to residential and commercial building 
construction are used to estimate environmental emissions at the construction stage 
of a building.  
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Figure 3.4 Research process 
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 SELECTION OF EMISSION SUBSTANCES FOR THE STUDY 3.5.6
According to the IPCC report, GHG emissions include carbon dioxide (CO2), 
Methane (CH4), nitrous oxide (N2O), hydro fluorocarbons (HFC), per fluorocarbons 
(PFC) and sulphur hexafluoride (SF6) (IPCC, 2007). However GHG emissions at the 
construction stage are majorly due to energy consumption and therefore only CO2, 
CH4 and N2O are considered as GHG emissions for the study. 
Non-GHG emissions are those that do not include in GHG emissions (Lewis, 2009). 
Non-GHG emissions at construction stage are mainly due to the partial combustion 
of fuel in construction equipment and transportation vehicles used at the site (Frey et 
al., 2010a). Table 3.5 provides a description of the emission substances considered 
for the study. Emission factors for materials were obtained from the Inventory of 
Carbon and Energy (ICE) database, GHG emission factors were acquired from AUS 
NGA, while non-GHG emission factors for construction equipment and transportation 
vehicles were attained from US EPA and Australian National Inventory Report (AUS 
NIR).  
Table 3.5 Details of the emissions substances considered for the study 
Emission source GHG emissions Non-GHG emissions Inventory used 
Materials CO2, CH4, N2O - ICE database 
Equipment  CO2, CH4, N2O HC, CO, NOx, PM, SO2 US EPA, AUS NGA 
Transportation  CO2, CH4, N2O CO, NOx, PM, SO2, 
NMVOC 
AUS NGA, AUS NIR 
3.6 CALCULATION OF EMISSIONS DURING CONSTRUCTION STAGE 
Construction stage emissions include direct emissions due to fuel usage from 
stationary equipment, emissions from transportation, and emissions due to electricity 
usage, construction and installation. Several previous research studies argue that 
apart from direct emissions, embodied emissions from materials should also be 
included in construction stage emissions (Guggemos and Horvath, 2006, Junnila et 
al., 2006a). Precise calculation of these emissions is required to obtain accurate 
results. The following sections elaborate the methodology for the estimation of 
emissions from various emission sources at the construction stage of a building.  
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 ESTIMATION OF EMISSIONS FROM CONSTRUCTION EQUIPMENT 3.6.1
Emissions from construction equipment involve both GHG and non-GHG emissions 
due to the partial combustion of fuel. Moreover, the emissions from each 
construction machine may demonstrate a unique emission profile based on its 
characteristics and usage patterns. Major machine characteristics which influence 
the emissions are fuel consumption, the power of the machine, deterioration rate, 
age of the machine and emissions technology (Frey et al., 2010a). Load factor and 
usage hours are factors that affect the emission pattern of construction equipment 
based on the usage patterns. Previous studies have shown that the GHG emissions 
from construction equipment mainly depend on the fuel composition and its 
consumption, while other machine characteristics are responsible for the non-GHG 
emissions (Frey et al., 2010a, Frey et al., 2008b). Therefore, it is important to select 
a mathematical model which can take all these aspects into consideration. 
3.6.1.1 Calculation of GHG emissions from stationary equipment 
AUS NGA suggests the following mathematical model to estimate GHG emissions 
from liquid fuel combustion (AGGA, 2013): 
1000
ijoxecEFiECiQ
ijE
**
=  
3.1 
where, Eij is the emissions for greenhouse gas type j from fuel type I, Qi is the 
quantity of fuel type i (kilolitres or gigajoules) combusted, ECi is the energy content 
factor of fuel type i (gigajoules per kilolitre or per cubic metre) used, and EFijoxec is 
the emission factor for each gas type j (which includes the effect of an oxidation 
factor) for fuel type i used. 
Equation 3.1 requires the quantity of fuel combusted to estimate greenhouse gas 
emissions. However, in practice it is difficult to obtain the quantity of fuel consumed 
by each machine to calculate GHG emissions from each activity.  
3.6.1.2 Calculation of non- GHG emission from stationary equipment 
All the emissions from construction machines and equipment used in construction 
operations are a result of fuel combustion. Apart from GHG emissions, these 
machines are responsible for non-GHG emissions due to the partial combustion of 
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fuel. Unlike GHG emissions, non-GHG emissions are dependent on several machine 
characteristics (Lewis, 2009). Therefore, a more reliable methodology, as shown 
below in Equation 3.2, can be used to estimate non-GHG emissions. 
LFTPiEFiE   Emissions, ***=  3.2 
where, EFi is the emission factor for the emission element considered in g/(hp-hr), P 
is the rated power output of the equipment considered in horsepower, T is the hours 
of use of the equipment for the activity considered, and LF is the load factor, which is 
the fraction of available power in the operation of equipment. Apart from the 
emission factor, all the other data should be either collected on-site or from the 
machinery manuals. Both Equations 3.1 and 3.2 require emission factors for the 
calculation of GHG and non-GHG emissions from construction equipment.  
 ESTIMATION OF EMISSIONS FROM TRANSPORTATION 3.6.2
Transportation is a compulsory stage that exists in the life cycle of any product or 
process. Transportation vehicles have been identified as one of the major sources of 
pollution in various stages of construction in a building because they produce both 
GHG and non-GHG emissions. As a result, it is important to consider it in the overall 
assessment. At the construction stage of a building, transportation can be of 
materials, equipment or labour; however, the estimation of emissions from 
transportation is a difficult process.  
3.6.2.1 Determination of GHG emissions from transport vehicles 
AGGA (DATE?) suggests a similar methodology to estimate GHG emissions from 
transport vehicles as explained in Equation 3.1 for the calculation of emissions from 
stationary equipment. 
. 
1000
EFECQ
=E
ijoxecii
ij
**
 
3.3 
where, Eij is the emissions of gas type j from fuel type I, Qi is the quantity of fuel type 
i (kilolitres or gigajoules) combusted for transport energy purposes, ECi is the energy 
content factor of fuel type i (gigajoules per kilolitre or per cubic metre) used for 
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transport energy purposes, and EFijoxec is the emission factor for each gas type j 
(which includes the effect of an oxidation factor) for fuel type i used for transport 
energy purposes. 
However, in practice it is impossible to obtain the quantity of fuel consumed by each 
vehicle, especially in the case of the estimation of transportation emissions from 
each activity. Moreover, studies have shown that the GHG emissions from 
transportation  vehicles depend heavily on the weight of the vehicle (Lewis et al., 
2009a). Therefore, Equation 3.3 can be further improved to obtain the quantity of fuel 
consumed using a more practical approach: 
1000
w*d*e*EF
=E
jijoxec
ij  
3.4 
Where, ej is the energy consumption of the vehicle in GJ/ton-km, d is the one-way 
distance travelled in km, and w is the total weight of the vehicle in tons.  
3.6.2.2 Determination of non-greenhouse gas emissions from transport vehicles 
Apart from GHG emissions, transport vehicles are also responsible for non-GHG 
emissions, such as NOx, CO, SO2 and NMVOC, due to the partial combustion of 
fuel. Unlike GHG emissions, these emissions are dependent on equipment type, 
technology and the age of the vehicle. Therefore, the procedure of estimating 
emissions is a more complicated compared to GHG emissions. The following model 
suggested in the Australian National Inventory Report (AUS NIR) is used to calculate 
the non-GHG emissions from transportation vehicles: 
J
2=U
j EFA=E *  3.5 
where, Ej is the emissions from non-CO2 gas type j, A
u=2 is the distance travelled by 
the vehicle in km, and EFj is the exhaust non-CO2 gas j in g/km.  
 DETERMINATION OF EMBODIED ENERGY IN CONSTRUCTION 3.6.3
MATERIALS 
Embodied emissions of materials are measured using the following equation: 
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imim e*Q=E  
3.6 
where, EM is the embodied emission of material used in the construction in kgCO2-
eq, Qi is the amount of i
th material used in kg, and eim is the emission factor for i
th 
material in kgCO2-eq/kg.  
 DETERMINATION OF GHG EMISSIONS FROM PURCHASED 3.6.4
ELECTRICITY 
The determination of GHG emissions from purchased electricity corresponds to the 
following methodology suggested by AGGA. 
1000
elece*Q
elecE =  
3.7 
where, Q is the amount of electricity used in kWh, and eelec is the emission factor for 
the corresponding state and electricity grid.  
 DETERMINATION OF AMOUNT OF CONSTRUCTION WASTE 3.6.5
GENERATED 
Several studies have used different methods to determine the amount of 
construction waste generated during the construction process. One study used the 
volume of the trucks used to transport the waste to determine the amount of waste 
generated, on the assumption that the whole volume is accommodated by waste 
(Poon et al., 2004a, Poon et al., 2001). Although this method seems to be simple, its 
accuracy is not acceptable, because a truck is often not fully filled with the same 
material, and it is quite rare for the whole truck to be filled with waste material. A 
reasonably accurate method is to use a waste factor for each material and estimate 
the amount of waste generated whenever the accurate waste amount is not available 
(Solís-Guzmán et al., 2009, Hammond and Jones, 2008b). In such cases, the 
amount of construction waste can be determined by the formula given below: 
iQ*iWwE =  
3.8 
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where, Wi is the waste factor for the type of waste material, and Qi is the amount of 
material delivered to the site for the specific activity. This waste factor for materials 
can be obtained from the research literature. 
3.7 SELECTION OF EMISSION STANDARDS FOR EMISSION ESTIMATION 
 EMISSION STANDARDS FOR ESTIMATING EMISSIONS FROM 3.7.1
CONSTRUCTION EQUIPMENT  
The literature review on emissions standards concluded that a country-specific 
emission standard is the most suitable approach to the measurement of emissions 
from construction equipment. However, in the absence of a country-specific emission 
standard, the selection of an emission standard may become chaotic.  
The six emission standards reviewed were compared with each other based on 
several parameters before the most appropriate emission standards for comparative 
analysis were selected. A published report on non-road diesel engines states that 
the applicability of US and EU emissions standards to Australian sold construction 
equipment is 100% and 58% respectively (ENVIRON, 2010). Moreover,  the US, EU 
and IPCC standards are referenced worldwide in several emission studies 
(Sihabuddin and Ariaratnam, 2009, Guggemos and Horvath, 2006, Guggemos, 
2003, Suppiah et al., 2007, Olivier and Peters, 2005). US emission standards involve 
machines of a large range from as low as 8kW to more than 560kW) compared to 
other emission standards. Although Japan’s emission standards are similar to those 
of the US and EU, they are not equivalent to these standards. Moreover, small 
machines are not included in Japanese emission standards. In contrast, Chinese 
emission standards include standards for smaller machines but they are in reference 
to US standards; however, their emission standards are primarily based on EU 
standards.   
Based on these observations, for the purposes of the present study, the GHG 
emission standards published by AGGA were selected, as they are specific to the 
Australian context, and US EPA emissions standards were selected for the 
estimation of non-GHG emissions.  
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 EMISSION STANDARDS FOR ESTIMATING EMISSIONS FROM 3.7.2
TRANSPORTATION VEHICLES 
The calculation of the non-GHG emission factor corresponds to the methodology 
suggested in AUS NIR (2011) and is presented in APPENDIX A. 
 EMISSION STANDARDS TO ESTIMATE EMISSIONS FROM MATERIALS  3.7.3
The emission factors for construction materials were obtained from the inventory of 
carbon and energy (ICE) database published by the University of Bath (Hammond 
and Jones, 2008a). The ICE database was chosen because it is one of the most 
comprehensive databases of emission factors for construction materials. 
 EMISSION STANDARDS TO ESTIMATE EMISSIONS FROM ELECTRICITY 3.7.4
Emission factors to estimate GHG emissions from purchased electricity were 
obtained from the AGGA report (2013). The corresponding values are given in 
APPENDIX B. 
3.8 DESIGN OF METHODOLOGY FOR IMPACT ASSESSMENT 
 INTRODUCTION 3.8.1
According to ISO 14040 (1997), impact assessment is the process of understanding 
and evaluating the magnitude and significance of potential environmental impacts of 
a product. As per the definition, the initial step is to understand the potential 
environmental impacts, and the second step is to define the evaluation process of 
the most essential impact categories identified. The final stage is to develop a 
suitable evaluation criterion for the relevant significance considered. The following 
sections explain the design of the methodology for the impact assessment in the 
research study. 
 SELECTION OF IMPACT CATEGORIES 3.8.2
A comprehensive set of environmental impact categories was investigated to identify 
the most relevant impact categories to address the objectives of the study. Within the 
state-of-the-art practice of life cycle impact assessment the following inventory flows 
and environmental categories are included: energy demand, global warming 
potential, photochemical oxidant (smog) formation potential, acidification, 
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eutrophication, and human toxicity potential. The details of each impact category are 
shown in Table 3.6.  
Although energy demand is not an impact, it is included in the study, as it provides 
an indication of the total energy consumed during the construction stage. The total 
energy consumption provides a measure of the amount of renewable and non-
renewable energy consumed during the construction period. GWP is included in the 
study because of its growing importance to the global environmental and 
political/economic realms. Acidification, eutrophication, photochemical ozone 
formation and human toxicity are included because they reflect the environmental 
impact of regulated and additional emissions of interest to the construction industry 
and the public, for instance, SO2, NOX, CO, and HC emissions. 
These categories were used as key indicators to determine the environmental 
performance of the different designs.  The six major impact categories are chosen to 
represent the four major damage categories corresponding to building construction: 
Climate change, Resource depletion, Ecological Quality and Human health.  
Table 3.6 Details of life-cycle impact assessment categories and indicators 
Category 
indicator 
Impact 
category 
Description Unit 
Energy use Energy 
demand (ED) 
A measure of the total amount of 
primary energy extracted from the 
earth. ED is expressed in energy 
demand from non-renewable 
resources (e.g. petroleum etc.) and 
energy demand from renewable 
resources (e.g. hydropower, solar, 
etc.).  
GJ 
Climate change Global 
warming 
Potential 100 
years (GWP) 
A measure of greenhouse gas 
emissions, such as CO2 and 
methane. These emissions are 
causing an increase in the 
absorption of radiation emitted by 
the earth, magnifying the natural 
kgCO2 
equivalent 
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greenhouse effect. 
Eutrophication Eutrophication 
potential (EP) 
A measure of emissions that cause 
eutrophication effects to the 
environment. The eutrophication 
potential is a stoichiometric 
procedure, which identifies the 
equivalence between N and P for 
both terrestrial and aquatic systems. 
PO4
3− 
equivalent 
Acidification Acidification 
potential (AP) 
A measure of emissions that cause 
acidifying effects to the environment. 
The acidification potential is 
assigned by relating the existing S-, 
N-, and halogen 
kg of SO2 
equivalent 
Ozone creation 
in troposphere 
Photochemical 
oxidant 
formation 
potential 
(POFP) 
A measure of emissions of 
precursors that contribute to low- 
level smog, produced by the reaction 
of nitrogen oxides and VOCs under 
the influence of UV light. 
C2H4 
equivalent 
Human toxicity Human toxicity 
potential (HTP) 
The human toxicity potential (HTP), 
is a measure that reflects the 
potential harm of a unit of chemical 
released into the environment, and is 
based on the toxicity of a compound. 
It is used to weight emissions 
inventoried as part of a life-cycle 
assessment (LCA) or in the toxics 
release inventory (TRI) and to 
aggregate emissions in terms of a 
reference compound.  
P- C6H4Cl2   
equivalent 
 
 EVALUATION CRITERION FOR IMPACT ASSESSMENT 3.8.3
The process of converting the calculated emissions into potential impacts involves 
two major steps (Finkbeiner et al., 2006): 
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 Step 1  – Convert each emission value into the corresponding impact 
category using characterisation factors 
 Step 2  – Normalise the converted potential impacts based on their 
severity using the corresponding normalisation factors 
If Pi is the emission value for the pollutant substance i and Ci,j the characterisation 
factor for pollutant i and impact category j, the total converted impact potential (Ii,j) 
can be found based on the following equation: 
∑
=
=
n
1i
j,iC*iPj,iI  
3.9 
The corresponding characterisation factors (Ci,j) are shown in Table 3.7. The 
potential impacts are then normalised based on the environmental severity to obtain 
the normalised potential impacts (Ii,j)N as shown in the equation below: 
N
j,iI
N)j,iI( =  3.10 
where, N is the normalisation factor for each impact category considered. 
Table 3.7 Characterisation factors for the environmental impact potentials considered 
i/j 
GWP 
(CO2-eq) 
AP 
(SO2-eq) 
EP 
(PO4
3-) 
POFP 
(C2H4 eq) 
HTP 
(C6H4Cl2 eq) 
HC - - - 1 - 
CO - - - 0.3 - 
CO2 1 - - - - 
NOx - 0.5 0.13 - 1.2 
PM - - - - 0.84 
SO2 - 1.2 - 0.5 0.1 
NMVOC - - - 1 - 
 PROCEDURE TO EVALUATE THE RELATIVE SIGNIFICANCE OF 3.8.4
IMPACTS 
Emissions at the construction stage of a building are unique in several ways. One 
unique factor is that the emissions involve direct emissions, such as fuel combustion 
emissions from construction equipment and transport vehicles, and indirect 
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emissions, such as embodied emissions from materials and purchased electricity. 
The environmental impacts from these emissions may vary based on the 
geographical location. To understand the relative significance of impacts, three 
geographical perspectives as shown below are considered: 
1. Global perspective -   A global perspective intends to investigate the effect of 
environmental impacts on the global environment. For instance, the effect of 
non-GHG emissions from construction equipment usage on the global 
environment may be insignificant, due to minimum usage compared to other 
emissions, whereas the effect of embodied GHG emissions from materials 
may be significant in the global environment.   
2. Regional perspective – Impacts from certain environmental emissions can 
be significant for a region. Therefore, a regional perspective focuses on 
scrutinising the significance of environmental impacts on a region.  
3. Local perspective – A local perspective aims to evaluate the effect of thr 
environmental impacts of emissions on the local environment. For example, 
NOx and SO2 emissions from equipment may have more adverse human 
health effects on the local public than GHG emissions.  
Therefore, it is necessary to develop evaluation criteria for the three geographical 
perspectives. An online questionnaire was created to obtain expert opinions on the 
relative significance of impacts on global, regional and local areas, respectively. The 
questionnaire consists of two different sections. The initial section of the 
questionnaire focuses on obtaining respondents’ information on their personal 
experience with respect to construction and environmental impacts. The second 
section of the questionnaire includes 5-point Likert scales, in which two of the impact 
categories are compared from global, regional and local perspectives respectively. 5 
on the Likert scale represents “extremely important” and 1 represents “equally 
important”. An example response is shown in Table 3.8. According to the response, 
the comparison between GWP and AP from a global perspective is recorded as “3”, 
which indicates that the respondent considers that GWP is moderately important 
compared to AP from a global perspective. Similarly, pairwise comparisons of all the 
impacts from the three geographical perspectives are taken as one response. The 
questionnaire is shown in APPENDIX C.  
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Table 3.8 Completed sample questionnaire for the global perspective 
No K= Global 5 4 3 2 1 2 3 4 5 
1 GWP vs. AP   x       
2 GWP vs. EP    x      
3 GWP vs. POFP  x        
4 GWP vs. HTP x         
5 AP vs. EP   x       
6 AP vs. POFP    x      
7 AP vs. HTP  x        
8 EP vs. POFP       x   
9 EP vs. HTP      x    
10 POFP vs. HTP   x       
 
A total of 100 questionnaires were distributed among experienced individuals with 
the request to forward the questionnaire link to other colleagues with expert 
knowledge of the issue. Genuine and completed responses obtained from the 
questionnaire survey were used to collect the required data sample. Out of the 100 
questionnaires sent, 81 completed responses were collected, achieving a response 
rate of 81%. Of the 81 respondents, 52% were environmentalists working in the 
construction industry, 43% were construction managers and engineers, and 5% were 
designers. 73% of the respondents had more than 10 years of experience, whilst the 
remaining respondents had 5-10 years of experience in the construction industry. 
A systematic methodology to compare emissions by combining life-cycle 
assessment, multi-criteria analysis and environmental performance was adopted to 
develop the evaluation of the relative significance of impacts (Hermann et al., 2007).  
Pairwise comparison in AHP can be effectively used to achieve this goal by 
developing weighting factors for each impact category for each geographical 
perspective.  
The calculation of the weighting factor (Wi,k) follows the standard AHP calculation 
procedure as shown below: 
1. The total average pairwise comparison responses collected for each impact 
category for each geographical perspective considered are tabulated in matrix 
form as shown in Table 3.9.   
2. The column totals for each impact category is then calculated 
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3. Each term in the 5x5 matrix is then divided by the corresponding column total 
calculated in the previous step 
4. Add the row totals of the previous step for each impact category 
5. Divide the obtained value from the number of impact categories (five in this 
study) to find the weighting factor (W i,k) for j
th impact category and kth 
comparison perspective  
Table 3.9 Matrix of weighting factors for the impact categories considered from AHP 
k =global GWP AP EP POFP HTP Wj,k Wj,k*Total  
GWP 1.00 2.90 2.93 2.28 4.00 0.41 0.98 
AP 0.34 1.00 1.58 1.25 1.73 0.18 1.06 
EP 0.34 0.63 1.00 0.43 0.83 0.10 0.95 
POFP 0.44 0.80 2.31 1.00 2.41 0.20 1.08 
HTP 0.25 0.58 1.21 0.42 1.00 0.10 1.03 
Total 2.37 5.91 9.04 5.38 9.97 1.00 5.09 
        
k = Regional GWP AP EP POFP HTP Wj,k Wj,k*Total  
GWP 1.00 0.38 0.52 0.50 0.60 0.11 1.00 
AP 2.64 1.00 0.47 1.00 1.58 0.21 1.09 
EP 1.93 2.13 1.00 1.65 2.45 0.33 0.99 
POFP 2.02 1.00 0.61 1.00 1.58 0.21 1.00 
HTP 1.67 0.63 0.41 0.63 1.00 0.14 1.02 
Total 9.26 5.14 3.00 4.78 7.20 1.00 5.14 
        
k = local GWP AP EP POFP HTP Wj,k Wj,k*Total 
GWP 1.00 0.47 0.50 0.34 0.36 0.09 0.96 
AP 2.13 1.00 1.00 0.38 0.44 0.15 1.07 
EP 1.99 1.00 1.00 0.47 0.35 0.14 1.06 
POFP 2.93 2.61 2.13 1.00 0.82 0.30 1.01 
HTP 2.78 2.26 2.90 1.22 1.00 0.33 0.98 
Total 10.82 7.34 7.53 3.42 2.96 1.00 5.08 
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1.1.1.1 CONSISTENCY CHECK FOR THE WEIGHTING FACTOR OBTAINED 
A consistency test was required to check the consistency of the judgements of the 
participants. The consistency index (CI) is a measure to effectively check the 
consistency of expert judgements (Mendoza et al., 1999).  
A three-step procedure can be used to calculate the CI as follows: 
1. Multiply the weighting factor for each impact category with the corresponding 
column total for each impact and add all of them together to obtain the total, 
as shown in the 8th column of Table 3.9. 
2. Subtract the number of response categories (number of impact categories in 
this study which is 5) from the total obtained the preceding step. 
3. The CI can then be obtained by dividing this value by the total number of 
impact categories less one. If the CI acquired is less than the tolerance level 
of 10% the collected expert judgements can be considered as being 
consistent. 
The CIs for all the three perspectives are shown below: 
 (CI) global = (5.09 – 5)/ (5-1) = 2.27% < 10% tolerance level  
(CI) regional = (5.14-5)/ (5-1) = 3.5% < 10% tolerance level  
 (CI) local = (5.08 – 5)/ (5-1) = 1.96% < 10% tolerance level 
These CIs are less than the tolerance level of 10%, indicating that the obtained 
expert judgements are consistent. 
3.9 METHODOLOGY FOR SCENARIO ANALYSIS  
The major objective of scenario analysis was to investigate the possibility of 
optimising emissions at the construction stage of buildings by considering various 
possibilities for different emission sources. Four major scenario analyses were 
considered for the current research study to investigate emissions reduction 
opportunities. 
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1. The effect of resource planning for construction equipment – This option 
investigated how various machine characteristics, site planning and resource 
allocation of construction equipment can be used to minimise emissions at the 
construction stage of a building. 
2. The effect of resource planning for transportation vehicles – Similar to 
construction, this option investigated the possibilities of minimising emissions 
at the construction stage by focusing on resource planning and allocation of 
transportation vehicles.   
3. The effect of using sustainable materials – Several environmentally 
sustainable materials, such as recycled aggregates, sustainable cement types 
and recycled steel, can reduce environmental emissions considerably. 
However, the use of these materials may affect the cost and strength 
parameters. Therefore, this option investigated the variation of emissions with 
the use of sustainable materials, which will help other research studies in 
identifying the best combination of materials to minimise cost and emissions 
while increasing the strength. 
4. The effect of adopting different construction techniques – Designers and 
contractors adopt several construction techniques to minimise construction 
costs and time. However, the adoption of different construction techniques 
may incur additional environmental impacts on the environment, depending 
on the comparative perspective considered. Therefore, the option 
concentrated on emissions variation by adopting different construction 
techniques. 
3.10 IDENTIFICATION OF ACTIVITIES AT DIFFERENT CONSTRUCTION 
STAGES FOR DATA COLLECTION 
 FOUNDATION CONSTRUCTION STAGE 3.10.1
Raft and pile foundations are the two major foundation types used in high-rise 
building construction. These foundation types involve a number of emission-related 
activities that need to be carefully identified for data collection.  Therefore, as shown 
in Figure 3.5 and Figure 3.6, process charts were developed for pile and raft 
131 
 
foundation construction to identify the major emission-related activities. A data 
collection process was then developed to obtain all the relevant information in 
estimating emissions from these emission activities at the foundation construction 
stage. 
 STRUCTURE CONSTRUCTION STAGE  3.10.2
Building structure construction mainly includes the construction of the building core 
and other elements, such as beams, columns, slabs and walls. The jump-form 
construction technique was used for building core construction in all the case studies 
considered. Emission activities pertaining to building core construction are shown in 
Figure 3.7. The construction activities of other building elements were the standard 
construction procedures of a concrete element construction. 
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Figure 3.5 Major emissions-related activities in pile foundation construction 
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Figure 3.6 Major emissions related activities in raft foundation construction 
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Figure 3.7 Process chart for jump-form construction 
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3.11 SELECTION OF CASE STUDIES 
Three case studies to incorporate the foundation types and building core 
construction type were selected for the analysis. The first two case studies (case 
study A and B) are high-rise residential buildings, while the third case study (case 
study C) is a commercial building. The building characteristics of the three case 
studies are shown in Table 3.10. 
Table 3.10  General information on the three case studies selected 
Detail Case study A Case study B Case study C 
Total construction area (m2) 64,660 64,900 63,000 
Core construction type Jump-form Jump-form Jump-form 
Foundation type Pile Raft Pile 
No. of floors 48 52 15 
Type of building Residential Residential Commercial 
No. of basements 5 3 2 
Local environment Urban Urban Urban 
Floor height (m) 3.3 3.3 3.3 
Structural frame Composite Composite Composite 
 
All the building construction sites were located in the central business district (CBD) 
of Melbourne in Australia. As a result, the surrounding environment of the 
construction sites was urban with a considerable surrounding population. A leading 
building contractor worked as the main contractor, while different sub-contractors 
were employed at various stages of construction. Since the same main contractor 
was employed at all the construction sites, it can be assumed that the management 
skills and construction performance were almost the same. Three different methods 
of data collection were used to obtain the data for the estimation of emissions from 
materials, equipment usage and transportation. The methods are explained in the 
following sections.  
The three case studies were selected to demonstrate emissions for different 
construction stages, types and technologies. A detailed description of how the case 
studies were used in comparing emissions of different options is provided in the 
results and discussion chapter.    
136 
 
3.12 DATA COLLECTION ON CASE STUDIES 
 DATA COLLECTION ON MATERIALS 3.12.1
The quantity of each material used is required to estimate the embodied emissions 
of construction materials. Material quantities were obtained from the bills of quantity 
(BOQs). Data were also obtained from daily receiving logs to obtain the materials 
arriving on site daily. This information was useful to understand the extra quantities 
of materials used during the construction stage. The quantities of construction waste 
generated were obtained from the monthly waste reports prepared by the site 
engineer. Wherever the exact waste quantities were not available, waste factors 
were utilised to include emissions from waste in the analysis. In cases where the 
waste factor was used, the BOQ material quantities were used to avoid double 
counting of materials. 
 DATA COLLECTION ON TRANSPORTATION 3.12.2
Information on vehicle characteristics and transportation is required to estimate 
emissions from transportation. Vehicle characteristics such as cumulative kilometres 
travelled, model year of the vehicle, fuel consumption of the vehicle and empty 
weight of the vehicle, and transportation details such as the distance between the 
construction site and the distribution plant and the weight of materials transported 
were collected for transportation. Cumulative kilometres travelled are the total 
distance travelled by the vehicle. Vehicle characteristics were obtained from the 
drivers or from the vehicle information statements.  
 DATA COLLECTION ON EQUIPMENT USAGE 3.12.3
Fuel combustion details are required to estimate GHG emissions due to the use of 
machines and equipment, but to estimate the non-GHG emissions from machines, 
more detailed data such as hours of operation and machine characteristics are 
required. Data on hours of operation of equipment were recorded on-site and the 
machine characteristics were obtained from technical specification sheets. Figure 3.8 
illustrates the information required for data collection on equipment usage and how it 
was obtained. 
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Figure 3.8 Data collection methods on equipment usage 
3.13 CONCLUDING REMARKS 
This chapter has provided a detailed description of the methodology of the research 
study, while appropriately addressing the research questions and the objectives. The 
researcher reviewed relevant literature to address the methodological issues and 
consulted industry professionals to identify gaps in knowledge and the current 
practice. Both results were amalgamated in the design of the research process. 
Three case studies were used for emission analysis and questionnaire surveys were 
used to obtain expert opinions wherever needed. 
The developed methodology and the defined scope are expected to address the 
project objectives in detail. The emission sources and the impact assessment 
methodology defined will comprehensively estimate construction stage emissions 
and environmental impacts. The three case studies used in the project will aid in 
identifying the significance of emissions at the construction stage. Identification of 
activities at the construction stage will also assist the emission analysis at activity 
level. The emission estimation models and methodologies developed will investigate 
the  
  
138 
 
4. CASE STUDIES 
4.1 INTRODUCTION 
Three case studies are used for the emission analysis out of which the first two case 
studies are residential buildings and the third case study is a commercial building 
construction.  
4.2 CASE STUDY A AND B 
Case study A is a high-rise residential building with bored pile foundation. It 
comprises of a total of 134 piles out of which 84 are surrounding piles along the 
perimeter. The depth of a pile is around 20 to 22 meters. The water table is well 
below the designed depth of the pile. A capping beam of size varies from 480-1000 
mm width to 500-1300 mm depth is placed to connect all the surrounding 84 piles.  
The second (Case study B) is also a high-rise residential building with raft 
foundation. Apart from the raft, some piles and pad footings are employed at the 
foundation level. The building characteristics of the two case studies are shown in 
Table 4.1. A leading building contractor worked as the main contractor, while a 
pioneer in earthworks was employed for foundation and structure constructions.  
These two case studies were selected for comparison of emissions at different 
construction stages and activities. Since the same contractors were employed at 
both the sites it can be assumed that management skills and construction 
performance are almost the same. Case Study A adopted pre-fabrication 
construction technique for a segment in the building construction while Case Study B 
adopted conventional construction during the construction stage of the building. 
Therefore, the structure construction stages of the two case studies were used in the 
scenario analysis to compare the emission effects of adopting pre-fabrication versus 
conventional construction onsite. Case study specific details for structure 
construction are thus explained in those corresponding chapters. Three different 
methods of data collection were used to obtain the required data for estimation of 
emissions from materials, equipment usage and transportation.  
Table 4.1 General Details of the two construction projects  
Study Plan Area (m2) floors Location Floor height (m) Foundation type 
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A 1220 48 Melbourne 3.3 Bored-pile 
B 1180 52 Melbourne 3.3 Composite (Raft) 
 
 DATA COLLECTION ON MATERIALS 4.2.1
Concrete and steel are the two major construction materials that are used frequently 
during the construction process. Apart from that, materials such as formwork, sand 
and cement were also used in considerable amounts. Quantity of each material used 
is required to estimate embodied emissions of construction materials. These data 
were obtained from the daily receiving logs from the manufacturers. The major 
quantities of materials used in two case studies are shown in Table 4.2.  
 DATA COLLECTION ON TRANSPORTATION 4.2.2
Estimation of emissions due to transportation requires the distance from the 
distribution plant to the construction site and the cumulative kilometres travelled by 
the vehicle. Distance travelled was determined by calculating the road map distance 
between the two destinations. Cumulative distance travelled is obtained from the 
vehicle driver. One-way transportation distances for transporting concrete and steel 
are shown in Table 4.2. Transportation distances represent the distance between the 
construction site and the distribution plants of steel and concrete.   
 
The construction sites for both case studies were located in the CBD area, leading to 
high transportation distances from distribution plants located in outer regions. Apart 
from concrete and steel; excavated soil and pre-fabricated components had to be 
transported to the site. The amount of excavated soil is obtained from the bill of 
quantity (BOQ). The volume of the soil loaded to the truck was calculated by 
multiplying the excavator bucket volume and the number of buckets. It is assumed 
that all the trucks are loaded with same amount of soil and all the soil are dumped by 
the same truck. The soil dumping site was located 10 km from the construction site. 
An average one way transportation of 40 km was used for concrete transportation 
and 30 km was used for steel transportation.  
Table 4.2 Material quantities used for case studies A and B  
Material Case study A (tons) 
Case study B 
(tons) 
Transportation distance (km) 
Case study A  Case 
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Pre-fab In-situ Pre-fab In-situ study B 
Concrete 5,466.45 72,025.70 68,427.8 32 15 15 
Steel 358.85 3,437.8 3,265.4 32 15 15 
Cement - 4145.48 3,987.8 - 15 15 
Sand - 21,485.5 17,898.7 - 15 15 
Brick/blocks - 13,921.53 10,028.9 - 15 15 
 
Table 4.3 Resource utilisation for the two case studies 
Resource 
Case study A 
Case study B 
Pre-fab In-situ 
Diesel (L) 5,020.87 58,526.87 66,421 
Electricity ( kWh) 48,904.26 570,063.43 646,953.81 
 
 DATA COLLECTION ON EQUIPMENT USAGE 4.2.3
Fuel combustion details are required to estimate GHG emissions due to machines 
and equipment usage. But to estimate the non-GHG emissions from machines, more 
detailed data such as hours of operation of equipment and machine characteristics 
are required. Data on hours of operation of equipment were recorded on-site and the 
machine characteristics were obtained from technical specification sheets.  
4.2.3.1 Equipment used in case study A 
A detailed description of the machines and equipment used for foundation 
construction in case study A is shown in Table 4.4. A heavy piling rig was used to dig 
the pile hole. Auger blade was used to excavate the soil. EX 1 was mainly used for 
removal of excavated soil from the piles. EX 3 was used for smaller excavations 
inside the excavation pit. 
Table 4.4 Characteristics of machines used in case study A 
Machine type ID Power (hp) Tier Purpose of use 
Piling rig P 1 440 3 Excavation of piles 
Concrete truck CT 1 565 3 Pumping concrete 
Crawler crane CR 1 285 3 Lifting & moving works 
Excavator EX 1 271 3 Excavation & loading works 
Excavator EX 2 349 3 Excavation works 
Excavator EX 3 39 4 Excavation works 
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4.2.3.2 Equipment used in case study B 
A detailed description of the machines and equipment used for foundation 
construction in Case Study B is shown in Table 4.5. Four excavators were used on-
site and EX 7 was used for both loading works and excavation works while other 
excavators were mainly used for excavation works. Crawler crane was used for 
lifting heavy reinforcements, smaller machines and pile cages. Concrete were 
delivered to fulfil the existing requirement at site. The concrete was poured 
immediately after delivery. 
Table 4.5 Characteristics of machines used in case study B 
Machine type ID Power (hp) Tier Purpose of use 
Excavator EX 4 184 3 Excavation works 
Excavator EX 5 93 3 Excavation works 
Excavator EX 6 47.6 4 Excavation works 
Excavator EX 7 271 3 Excavation & loading works 
Crawler crane CR 2 428 2 Lifting & moving works 
Concrete truck CT 2 565 3 Pumping concrete 
Piling rig P 2 325 3 Excavation of piles 
4.3 CASE STUDY C 
Case Study C is a commercial building of 15 stories and two basements located in 
the Central Business District (CBD) of Melbourne. Thus, the surrounding 
environment of the construction site was urban with constant public interference. A 
combination of pile and raft are used for foundation with a combined area of 8,400 
square metres. The foundation area includes the ground floor and the two 
basements areas. Jump-form construction technique was used for the building core 
construction with a total building construction area of 71,400 square metres. The 
piles in the foundation of the building were executed under eight construction zones. 
These piles were then connected through four rafts. Case study C is mainly used for 
validation and in-depth analyses, thus further details of the case study is explained in 
Section 5.3.3.1. 
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4.4 EMISSION ANALYSIS SEQUENCE 
The preceding sections briefly explained general details of the three case studies 
and the corresponding resource usage. The sequence considered for the emission 
analysis in the research study is shown in Figure 4.1. As per the figure, the 
emissions at the construction stage are evaluated through foundation and structure 
construction. The initial stage is focused on estimating project level emissions for 
both foundation and structure construction. Project level considers the total 
emissions at the concerned construction stage of buildings. Based on the significant 
findings obtained, and in depth analysis is conducted to identify emission reduction 
opportunities at different construction stages of buildings. Project and activity level 
impact assessments are then performed for global, regional and local level to 
determine the impact levels of emissions. 
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Figure 4.1 Emission analysis sequence considered for the research study 
4.5 EMISSION EVALUATION AT FOUNDATION CONSTRUCTION STAGE 
 GHG EMISSIONS AT PROJECT LEVEL 4.5.1
The total GHG emissions at foundation construction for the three case studies are 
shown in Table 4.6. The results indicate that embodied emissions from materials are 
responsible for 67% to 77% of the total emissions at the foundation construction for 
the three case studies. Embodied emission contribution from Case Study C was 
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higher than those of Cases A and B. GHG emissions from equipment usage and 
transportation were responsible for a combined contribution of 23% to 31% of the 
total emissions.  
Table 4.6 GHG emission variation (in metric tons) comparison at foundation construction 
stage 
Emission source 
Case study Sample study 
(Mao et al., 2013) 
A B C 
Material 1,057.8 67% 662.4 67% 3,964.80 77.1% 63,985 85% 
Equipment usage 289.1 18% 184.6 19% 694.20 13.5% 3,479 4.7% 
Transportation 249.1 15% 135.4 14% 483.37 9.4% 7,741 10.3% 
Total 1,596.0 100% 982.4 100% 5,142.4 100% 75,205 100% 
 
To identify the significance of GHG emission distribution, the obtained emissions at 
the foundation construction stage for the three case studies are compared with the 
emission distribution for total building construction of a previous case study (Mao et 
al., 2013). The sample study considered for the comparative analysis is a case study 
conducted in China to compare GHG emissions of conventional and prefabrication 
construction. The case study is chosen because emission estimation of the study is 
similar to that of the present study. Moreover, the sample study is also residential 
building construction. Even though the sample study uses pre-fabrication, at 
foundation construction stage prefabrication is not used in foundation construction 
stage. Thus the comparisons of sample study emissions are comparable with the 
case study results. 
The resulting emission distribution for the sample study is shown in Table 4.6. The 
comparative results indicate a significant increase of direct emissions contribution at 
the foundation construction stage with a value ranging from 23 to 33% when 
compared to the 15% at the total building construction stage.  
However, it is also observed that the emissions due to equipment usage at 
foundation construction stage are increased significantly when compared to the total 
building construction. The prolonged machine usage for activities such as drilling, 
excavation and material loading with fewer material usages could be the major 
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reason for this upturn. Emissions contribution from transportation express only a 
minor increase at the foundation construction compared to the total building 
construction stage. Emission due to transportation is dependent on the quantity of 
materials, as smaller materials quantities transported could result in less 
transportation emissions. 
 
Figure 4.2 Emission distribution percentages for the case studies 
Figure 4.2 illustrates the emission distribution percentages for the four studies 
considered. Even though both case studies A and B display a similar emission 
distribution, it is observed that case study C demonstrate a different emission 
distribution. Therefore, it is worthwhile to further investigate resource use in those 
three case studies to identify the difference in emission distribution. Emissions per 
square metre (kg-GHG/m2) are calculated to compare the emissions between the 
three case studies and the sample study considered. This is obtained by dividing the 
total GHG emissions at foundation construction stage shown in Table 4.6 by the total 
foundation area. Total foundation area is the sum of all the basement areas and 
ground plan area. Use of the total foundation area instead of the total gross floor 
area to calculate the emissions per square metre is justified because the work at 
foundation level corresponds only to the foundation area of the building (Forsythe 
and Ding, 2014).  
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The corresponding kg-GHG/m2 values are shown in Table 4.7. The results signify a 
similar per m2 GHG emission value for equipment usage and transportation in all the 
three case studies. However, GHG emission per m2 for materials for Case Study C is 
almost 2 times than case studies A and B. This could be because Case Study C is a 
commercial building in contrast to cases A and B which are residential buildings and 
thereby a difference in material and equipment use. Since the sample study is also a 
residential building, it is sensible to compare the emissions of the same with case 
studies A and B. 
The comparison of emissions per m2 indicates almost three times higher emissions 
for equipment usage at the foundation construction stage compared to the total 
building construction. The significance of these emissions can be overwhelming 
considering its adverse health and environmental effects at a shorter span of time 
because these emissions are released directly to the public. However, the emissions 
per m2 value for transportation remained almost the same at both construction 
stages. This is because the transportation distances for both case studies A 
(average of 60km) and B (average of 60km) are almost similar to that of the sample 
case study (average of 55 km) considered. This signifies the importance of 
transportation distance in transportation emissions. Previous studies have also 
shown that shorter transportation distances can reduce GHG emissions up to 3.5% 
of the total emissions (Mao et al., 2013).  
Table 4.7 Emissions per square metre (kg-GHG/m2) values for the studies considered 
Emission source A B C Sample study 
Material 173.40 187.09 314.67   313.09                                 
Equipment 47.40 52.14 55.09 17.02 
Transportation 40.84 38.25 39.55 37.88 
Total* 261.64 277.50 408.13 368 
*Sum of each column may not be equal to the total due to rounding-up 
 NON-GHG EMISSIONS AT PROJECT LEVEL 4.5.2
The non-GHG emissions for the three case studies are shown in Table 4.8. These 
non-GHG emissions are direct emissions from equipment usage and transportation 
vehicles as a result of partial combustion of fuel. Out of the direct emissions, non-
GHG emissions from equipment usage carry more significance as they are 
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stationary emissions and the emissions are released within a smaller perimeter. 
Similar to GHG emissions, Case Study C exhibit greater non-GHG emissions as 
compared to that of case studies A and B. 
Table 4.8 Total non-GHG emissions from the case studies 
Case study HC (kg) CO (kg) NOx (kg) PM (kg) SO2 (kg) NMVOC (kg) 
A 87.08 2,284.20 2,553.60 106.93 208.65 632.70 
B 60.30 1,347.16 1,585.91 60.57 146.56 341.66 
C 183.61 4,570.68 5,527.75 202.39 417.17 778.94 
 
CO and NOx being the most two common substances of partial combustion, governs 
the non-GHG emissions for all the three case studies. However, other emission 
substances such as SO2 and PM cannot be neglected, as smaller amounts of the 
same could cause greater environmental and health effects. Therefore, a common 
comparative assessment is required to identify the significance of each 
environmental effect.  
The three case study results emphasized the significance of direct emissions at the 
foundation construction stage of buildings. However, these significant findings at 
project level are not sufficient to obtain more conclusive opportunities to reduce the 
emissions. Previous studies have emphasized that these non-GHG emissions from 
stationary equipment and transportation vehicles are dependent on machine 
characteristics such as power, age and deterioration (Abolhasani et al., 2008, Frey et 
al., 2008b). However, knowledge of emission levels at the project level alone will not 
only restrict the opportunity to further investigate the emission patterns but also will 
restrict the opportunities to identify the most suitable emission reduction possibilities. 
Therefore, further analyses are required to draw more conclusive results on emission 
reduction opportunities from these direct emission sources. For instance, an in-depth 
emission analysis on equipment level may enable users to solicit more emission 
reduction opportunities from equipment usages. 
4.6 EMISSIONS EVALUATION AT TOTAL BUILDING CONSTRUCTION STAGE 
Case study A involves pre-fabrication in its construction while Case study B is a 
building construction using conventional construction technique. Therefore, the 
emissions in total building construction for case studies A and B are discussed in 
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scenario analysis section under the “effect of adopting different construction 
techniques”. Thus, only Case Study C was evaluated in the emissions at total 
construction stage. Resource consumption for case study C is shown in Table 4.9. 
Table 4.9 Resource consumption for case study C 
 
Month  
Waste generated (tons) 
Electricity 
(kWh) 
Water 
(m3) 
Diesel (l) 
 
Total Recycled %  recycled 
1 518 510 98.46 7,385 230 8,235 
2 0 0 N/A 8,735 875 12,515 
3 67.6 58.58 86.66 7,789 418 18,345 
4 106.84 104.74 98.03 10,236 398 22,912 
5 114.06 111.96 98.16 8,231 671 23,221 
6 268.66 264.16 98.33 7,318 725 31,900 
7 138.4 127.9 92.41 8,239 557 21,815 
8 221.59 204.39 92.24 42,178 528 18,752 
9 216.49 195.84 90.46 46,618 711 16,218 
10 168.52 152.32 90.39 52,137 628 17,214 
11 39.05 35.45 90.78 48,815 558 14,761 
12 120.43 107.83 89.54 46,512 575 15,216 
13 192.38 174.08 90.49 44,315 536 15,621 
14 148.7 132.5 89.11 38,973 602 13,289 
15 153.75 137.55 89.46 159,312 575 2,108 
16 184 163.3 88.75 105,623 1015 2,090 
17 161.65 147.55 91.28 131,168 615 4,178 
18 147.45 129.75 88.00 134,852 508 5,215 
19 178.5 154.8 86.72 145,328 602 3,982 
20 156.91 135.61 86.43 114,892 883 4,080 
21 199.52 171.86 86.14 187,319 908 9,178 
22 137.5 121.3 88.22 198,267 928 9,125 
23 74.92 66.8 89.16 112,589 916 9,129 
24 139.1 119.6 85.98 189,254 912 3,487 
25 205.3 182.8 89.04 10,124 402 0 
26 182.3 161.6 88.65 7,325 315 0 
27 147.6 131.7 89.23 6,325 284 0 
Total 4,389 4,004 90.46 1,889,859 16,875 302,586 
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 TOTAL GHG EMISSIONS 4.6.1
Total GHG emissions recorded for the seven emission sources are tabulated in 
Table 4.6. It is evident that embodied emissions from materials govern the GHG 
emissions with 72.1% and 88.92% at foundation and structure construction stages, 
respectively. However, the contribution of GHG emissions at structure construction is 
greater compared to foundation construction, due to the high usage of materials. On 
top of that foundation construction involves considerable machine usage in activities 
like excavation which involves minimum material consumption. Therefore, it is noted 
that emission contribution from machine usage (E5) is higher at foundation 
construction (12.7%) compared to structure construction (1.78%). Moreover, 
emission contribution from transportation (E2, E3 and E4) is much higher at 
foundation stage (13.4%) in contrast to structure construction (4.69%). These 
observations signify the importance of direct emissions at the foundation 
construction stage over indirect emissions. The results shown in Figure 4.3 further 
justify the observation of higher direct emissions contribution at the foundation 
construction stage compared to direct emissions at the structure construction stage.  
Table 4.10 GHG emissions comparison at different stages of construction 
Source Foundation construction 
(tons) 
Structure construction 
(tons) 
Total 
E1 3,966.13 72.1% 40,897.36 88.92% 44,863.49 
E2 333.47 6.1% 1734.13 3.77% 2,067.61 
E3 402.03 7.3% 33.25 0.77% 435.28 
E4 - - 69.12 0.15% 69.12 
E5 695.53 12.7% 458.96 1.78% 1,161.25 
E6 98.17 1.7% 1973.86 5.29% 2,491.39 
E7 2.05 0.1% 8.91 0.02% 10.96 
Total 5,484.18 100.00% 45,994.91 100.00% 51,099.09 
 
Monthly variation of GHG emissions due to electricity consumption is shown in 
Figure 4.4. The figure indicates that the maximum GHG emission due to electricity 
consumption was recorded at the later stages while the minimum was recorded at 
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the initial stages of the building construction. This is due to the minimum electric 
equipment usage at the foundation construction stage. This observation also 
highlights that the indirect emissions are not significant at the foundation stage while 
the same carries more significance at the structure construction stage of buildings.  
 
 
 
 
 
Figure 4.3 Direct and indirect emission variation at different construction stages 
 
Figure 4.4 Monthly GHG emission variations due to electricity consumption 
 TOTAL NON-GHG EMISSIONS  4.6.2
Non-GHG emissions are direct emissions due to the partial combustion of diesel 
used in vehicles and equipment. The resulting non-GHG emissions at foundation 
and structure construction are summarised in Table 4.8. It is seen that CO and NOx 
govern the non-GHG emissions at both the construction stages. It is notable to 
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mention that emissions from transportation at the structure construction stage are 
overwhelmingly high compared to that at the foundation construction stage. As 
shown in Figure 4.5 there is no significant difference between the non-GHG 
emissions from construction equipment at both the construction stages. However, 
the emissions at the foundation stage are concentrated to a smaller span of time 
while the emissions at the structure construction stage are expanded to a larger 
span of time. Moreover, machine usage at the structure construction stage is 
prominent due to the high material usage which indicates that it is dependent on the 
material usage. Therefore, at foundation stage, emissions from equipment usage 
should be given more significance which is independent from the quantity of 
materials used.  
Table 4.11 Total non-GHG emissions comparison at different stages of construction  
Pollutant  
Foundation construction (kg)  Structure construction (kg)  
Total E2 E3 E4 E5 E2 E3 E4 E5 
HC - - - 183.6 - - - 122.9 306.5 
CO 2,763.9 4,747.3 - 1355.2 18,168.5 490.7 817.1 907.5 29,250.1 
NOx 2,273.3 3,898.9 - 2883.4 12,523.6 364.2 653.9 1930.1 24,528.1 
PM 158.0 270.97 - 200.4 2686.51 72.55 120.8 207.2 3,716.4 
SO2 824.5 566.80 - 419.2 5,619.50 151.8 252.7 280.7 8,115.1 
NMVOC 671.0 1,128.2 - - 3,340. 135.1 177.6 - 5,452.6 
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Figure 4.5 Non-GHG variations for emission sources at different construction stages 
The results of the case study implies that both GHG and non-GHG emissions due to 
equipment usage and transport vehicles should be given equal importance at the 
foundation construction stage while emissions from transportation should be given 
more consideration at the structure construction stage. The presence of smaller 
amounts of these non-GHG emissions can cause considerable environmental 
impacts (Sandanayake et al., 2016). Therefore the impact assessment in the 
following analysis intends to determine the environmental impacts and its relative 
significance at different geographic perspectives considered.  
4.7 IMPACT ASSESSMENT AT THE CONSTRUCTION STAGE 
 IMPACT ASSESSMENT AT PROJECT LEVEL FOR FOUNDATION 4.7.1
CONSTRUCTION 
The project level emissions obtained for the three case studies are converted into 
potential impacts by multiplying with characterisation factors discussed in the 
methodology. These potential impacts are then normalised by using the 
normalisation factors. The corresponding potential impacts and normalised potential 
impacts for the three case studies are tabulated in Table 4.12. 
Table 4.12 Normalised potential impacts (Pi/N) calculation for the two case studies 
Impact 
category 
Case study A Case study B Case study C 
(Pi) Pi/N (Pi) Pi/N (Pi) Pi/N 
GWP 1,595,975.3 3.89E-01 982,339.3 2.40E-01 5,497,382.5 1.341 
AP 1,527.18 4.77E-03 968.83 3.03E-03 6,700.4 2.0E-02 
EP 331.96 2.55E-03 206.17 1.59E-03 1,177.2 9.1 E-03 
POFP 1509.363 1.57E-02 537.73 5.60E-03 6,453.49 6.7 E-02 
HTP 3579.94 6.28E-04 1968.63 3.45E-04 12,728.0 2.2 E-03 
 
The obtained results in the preceding section are multiplied with the characterisation 
factors in Table 3.7 to obtain the Pi values as shown in Table 4.13. These potential 
impacts are normalised by using the corresponding normalisation factors for each 
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impact category (Hermann et al., 2007). The normalised impacts (Pi/N) are multiplied 
by the corresponding weighting factors calculated before to compare the impacts 
from the desired perspective. The resulting indices for both case studies are shown 
in Figure 4.9. The overall perspective represents the condition without applying 
weighting factors. It is seen that in all the cases GWP remains the most dominant 
impact category regardless of the comparative perspective. However, the 
overpowering contribution of 97-98% of GWP seems to reduce by 7-11% from 
regional to local perspective with relatively higher contributions from POFP. HTP and 
EP remain insignificant from all the perspectives considered. HC, CO, SO2 and 
NMVOC contribute directly to POFP impact potential. From Figure 4.9, it can be 
further emphasized that the relative importance of POFP reducing from Case Study 
A to B. This is due to lower emissions of CO, SO2 and NMVOC in Case Study B 
compared to Case study A.  
 
Figure 4.6 Project level relative significance of impacts at foundation construction for the 
case study A 
 
80.00%
85.00%
90.00%
95.00%
100.00%
Global Local Regional
HTP
POFP
EP
AP
GWP
154 
 
 
Figure 4.7 Project level relative significance of impacts at foundation construction for the 
case study B 
 
Figure 4.8 Project level relative significance of impacts at foundation construction for the 
case study C 
 IMPACT ASSESSMENT AT PROJECT LEVEL FOR STRUCTURE 4.7.2
CONSTRUCTION STAGE 
The obtained normalised potential impact (which is 1.341 in Table 4.13) can be used 
for further decision making analysis. The normalised potential impacts (Pi/N) for the 
considered impact categories are shown in Table 4.13. These Pi/N values can be 
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multiplied with the weighting factors (W j) to obtain the relative significance (Srel)ij in 
percentage for the ith impact category and jth geographic perspective considered. The 
following formula can be used to calculation the value of (Srel)ij. 
Table 4.13 Normalised potential impacts (Pi/N) calculation for the two case studies 
Impact category 
 
N 
Foundation construction Structure construction 
(Pi) Pi/N (Pi) Pi/N 
GWP (kgCO2-eq) 4.1E06 5,497,382.53 1.341 45,994,762.97 1.12 E01 
AP (kgSO2-eq) 3.2E05 6,700.42 2.01E-02         16,290.06  5.09 E-02 
EP (kgPO4-eq) 1.3E05 1,177.2404 9.06 E-03         2,201.90  1.69 E-02 
POFP (kgC2H4-eq) 9.6E04 6,453.49  6.72 E-02         15,143.97  1.58 E-01 
HTP (kgC6H4Cl2-eq) 5.7E06       12,727.99  2.23 E-03       25,932.58  4.54 E-03 
 
The relative significance of impacts calculated for global, regional and local 
perspectives at foundation and structure construction is shown in Figure 4.9, GWP 
remained the most governing impact category for both foundation and structure 
construction at global perspective. This may be the reason for most of the research 
studies to only consider the GHG emissions in their emission studies (Forsythe and 
Ding, 2014, Yan et al., 2010b, Mao et al., 2013, Kua and Wong, 2012).  This 
significance of GWP seems to reducing at regional and local perspectives with 
relatively higher contributions coming from AP, EP and POFP impact categories.  
However, it is noted that this variation is quite significant at foundation construction 
stage with a relative significance of 86.9, 2.7, 1.8, 8.4 and 0.2 percentages at 
regional perspective and 85.8, 1.5, 0.8, 11.3 and 0.6 percentages at local 
perspective for GWP, AP, EP, POFP and HTP respectively. On the contrary, at 
structure construction stage apart from GWP, only POFP recorded a notable relative 
significance of 2.6 and 3.52 percentages at regional and local perspectives, 
respectively. This further justifies the importance of analysing GHG emissions for 
both foundation and structure construction stages at global perspectives. However, 
impact categories like POFP carry a considerable importance for both the 
construction stages at regional and local perspectives. Impact categories like POFP, 
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AP and EP should be given more importance at regional and local perspectives for 
foundation construction.  
 
 
 
 
 
 
 
Figure 4.9 Relative significance of impact at different stages of construction 
 IMPACT ASSESSMENT AT ACTIVITY LEVEL 4.7.3
The total impacts assessment illustrated the dominance of GWP contribution at 
construction stage in which a major share originating from construction materials. 
Subsequently, the impact assessment at activity level aims to identify the activities 
with significant impacts prior to optimising the planning and execution process at 
construction. Figure 4.10 highlights the normalised impacts for the activities 
considered in the case study.  
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Figure 4.10 Normalised impacts at activity level (activity names are in section Table 5.11) 
It is noted that impacts related to activities in building structure construction have 
emission contribution more than 80% of the total impacts. Slab concreting recorded 
the highest amount of impacts with a 37% of the total impacts. Activities 
corresponding to foundation construction recorded fewer impacts with the highest 
impact of 6.2% noticed from pile construction activities. However, it is worthwhile to 
examine the significance of each individual impact at global, regional and local 
perspectives.  
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Figure 4.11 Activity level impact assessment at global perspective 
Figure 4.11 illustrates the activity level impact assessment at global perspective. The 
results signify that material related activities (A3, A4, A9, A12, A13 and A14) 
possess a significant GWP impact while a relative increase in POFP and AP impacts 
are recorded for activities with fewer materials (A1, A6, A7 and A8). These 
observations further signify that GWP is the most important impact category at global 
perspective. This might be a major reason for why most of the emission studies at 
building construction only consider GHG emissions (Mao et al., 2013, Hong et al., 
2015, Yan et al., 2010b, Forsythe and Ding, 2014). However, the activity impacts at 
regional and local perspectives demonstrate a different distribution. Figure 4.12 
indicates the impacts distribution for activities considering regional perspective. The 
significant GWP contribution observed at global perspective seems to be reducing at 
regional level witnessing higher contributions from AP and POFP impacts. It signifies 
increasing importance of impacts related to water quality, eco system, flora and 
fauna at regional level. Moreover AP, EP and POFP impacts contributions are 
increased significantly for activities with no materials (A1, A6, A7 and A8) compared 
to global perspective.   
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Figure 4.12 Activity level impact assessment at regional perspective 
Activity level impact assessment at local perspective is shown in Figure 4.13. The 
impact distribution signifies a further reduction of GWP impact with considerable 
contributions attaining from POFP impact. For excavation activities (A1) GWP 
contribution is reduced to 50% while POFP impact contribution is increased for more 
than 30%. Moreover, activities A1, A4, A6 and A7 are recorded with a considerably 
high HTP impact. As expected this is due to the dust and human health effects 
generated from excavation, compaction and small demolition works. Since both 
POFP and HTP impacts are directly contributes to air pollution and human health 
effects, emissions (non-GHG emissions) contributing to these impacts should be 
given more importance at the local perspective. Consequently, the significance of 
considering direct emissions at the construction stage is further emphasized by 
these observations. Interestingly, the critical change of impacts was recorded for 
both activities at the foundation construction stage (A1, A4, A5, A6, A7 and A8) and 
at the structure construction stage (A11 and A12) due to lesser material usage.   
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Figure 4.13 Activity level impact assessment at local perspective 
4.8 FINDINGS AND REMARKS FOR FURTHER ANALYSIS 
The project level emission analysis at project level presented significant observations 
on emissions at foundation and structure construction stages. The impact 
assessment at project level also accomplished important explanations on the 
significance of the emissions in building construction stage at different comparison 
aspects. However, knowing only project level emissions restrict the opportunity to 
minimise emissions by careful investigation and identification of significant emission 
related activities and equipment. Therefore, the requirement for models and 
frameworks for an in-depth analysis is highly facilitated. The following chapters will 
furnish the models development which will pave the way for an in-depth analysis to 
identify emission reduction possibilities at the construction stage of buildings.
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5. MODELS/ FRAMEWORKS DEVELOPMENT AND VALIDATION 
Based on the literature review, it was identified that none of the previous emission 
studies have made attempts to comprehensively estimate and compare emissions at 
the construction stage of buildings. The project-level emission analysis suggested 
that project-level emission estimation models are unable to perform in-depth 
emission analysis at the construction stage. The lack of a systematic procedure for 
estimating in-depth direct emission analyses at equipment and activity levels is 
another major issue that complicates emission analysis at the construction stage of 
buildings. Especially in the case of direct emissions, a systematic analysis of 
emissions is required to obtain more conclusive results on emissions from each 
machine and construction activity. Therefore, the following section aims to further 
enhance project-level models to enable the estimation of emissions from each 
construction activity. A detailed framework which will enable in-depth direct emission 
analysis at the construction stage is also presented. 
5.1 MODELS DEVELOPMENT FOR IN-DEPTH EMISSION ANALYSIS 
 PROJECT LEVEL EMISSION MODELS TO ESTIMATE DIRECT EMISSIONS 5.1.1
AT THE CONSTRUCTION STAGE 
The following three sections represent the mathematical models used to evaluate 
project-level GHG and non-GHG direct emissions at the construction stage. These 
calculation models are either suggested in the Australian GHG emission standards 
or the US EPA standards (AGGA, 2013, USEPA, 2010).  
5.1.1.1 Estimation of GHG emissions from material transportation and equipment  
The Australian National Greenhouse Gas report suggests the following equation to 
estimate GHG emissions from transportation and equipment use (AGGA, 2013): 
1000
EF*EC*Q
=E
jjj
i)GHG(   
5.1 
where, E(GHG)i is the GHG emissions from emission source i, Qj is the quantity of 
the fuel type j in kL, ECj is the energy content factor for fuel type j in GJ/kL and EFj is 
the GHG emission factor for the fuel type j in kgCO2-eq/GJ. If i = T, E(GHG)T 
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represents GHG emissions from transportation and if i = eq, E(GHG)eq represents 
GHG emissions from construction equipment. 
5.1.1.2 Calculation of non-GHG emissions from material transportation 
The method suggested by the Australian National Inventory Report (NIR) (DATE?) is 
used for the calculation of non-GHG emissions (E (NG)k) in kg  for the k
th non-GHG 
emission substance. T represents the emission source transportation. The procedure 
for calculation is given below (2011). 
1000
)NG(EF*A
=E
kk
)NG( k,T   
5.2 
where, J is the non-GHG considered, Ak is the vehicle activity in km and EF(NG)k is 
the exhaust emission factor for non-GHG emission gas in kg/km, which can be 
obtained from the NIR (DATE?). Determination of the vehicle activity (Ak) can be 
achieved by the following methodology suggested in NIR (2011): 
j
j
k EC
w*d*e*f
=A   
5.3 
where, f corresponds to the fuel capacity of the vehicle in km/l , ej is the energy 
consumption of the vehicle in GJ/ton-km, d is the distance travelled in km and w is 
the weight of the loaded vehicle in tons. 
5.1.1.3 Evaluation of non-GHG emissions from equipment  
Non-GHG emissions can be evaluated using the general equation given below 
(Sihabuddin and Ariaratnam, 2009):  
LF*T*P*EF=E k)NG( k,eq   
5.4 
where, EF (NG)eq,k is the non-GHG emission factor for the emission substance k for 
equipment eq considered in kg/(kW-hr) and P is the rated power output of the 
equipment considered in kW, T is the usage hours and LF is the load factor, which is 
the fraction of available power during the operation of equipment.  
 
However, the practical issues of using the above models usually influence studies 
not to perform an in-depth analysis. The major issue is the data collection difficulties 
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for the inputs in the model to evaluate emissions at equipment and activity level. 
Table 5.1 highlights the inputs in these models that are difficult to measure in 
practice and the possible replacements for them. 
Table 5.1 Inputs with difficulties in in-depth calculation 
Equation Emission estimation focus Inputs with issues Possible replacement 
5.1 
GHG emissions from 
transportation vehicles 
Difficult to measure 
fuel consumed by 
each vehicle for 
each trip  
Use average fuel 
consumption rate and the 
hours of use instead of the 
fuel consumed 
5.1 
GHG emissions from 
construction equipment 
Difficult to measure 
fuel consumed by 
each machine for 
each activity 
Use average fuel 
consumption rate, 
efficiency and the hours of 
use instead of the fuel 
consumed 
5.3 
Non-GHG emissions from 
transportation vehicles 
N/A N/A 
5.4 
Non-GHG emissions from 
construction equipment 
N/A N/A 
 
Therefore, the following modifications to the above project-level emission models are 
proposed to enhance the models’ ability to estimate equipment- and activity-level 
emissions. 
5.1.1.4 Modification to estimate GHG emissions from material transportation 
Previous studies have shown that GHG emissions for transportation are a function of 
both the distance travelled and the total weight of the vehicle (Lindhjem et al., 1999, 
Dallmann and Harley, 2010). These details are easily available at an activity level, 
which makes the analysis more reliable. Therefore, Equation 5.2 is modified as 
below: 
1000
w*d*je*jEF
=T
)GHG(E   5.5 
where, ej is the energy consumption of the vehicle in GJ/ton-km, d is the one-way 
distance travelled in km and w is the total weight of the vehicle in tons. The energy 
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consumption factor for a truck is obtained from a previous published study (Yan et 
al., 2010b). 
5.1.1.5 Modification to estimate GHG emissions from equipment 
The estimation of GHG emissions from equipment can also be measured from the 
fuel consumption and the hours of use of the machine. Therefore, Equation 5.2 can 
be modified as below to estimate GHG emissions from equipment: 
1000
T*LF*ef*jEC*jEF
=eq
)GHG(E   5.6 
where, E(GHG)eq is the GHG emissions from construction equipment in kg, fe is the 
fuel consumption of the equipment at full-load capacity, T is the hours of use of the 
equipment for the activity considered, and LF is the load factor, which is the fraction 
of available power during the operation of equipment. 
 MODELS TO ESTIMATE AND COMPARE INDIRECT EMISSIONS AT 5.1.2
CONSTRUCTION STAGE 
The following project-level equations are used to calculate the indirect emissions at 
the construction stage. 
5.1.2.1 Embodied emissions from materials 
Embodied emissions from materials are estimated using the following equation: 
∑
mmm e*Q=E   
5.7 
where, Em is the embodied emissions of material m used in the construction in 
kgCO2-eq, Qm is the actual quantity of material used for the m
th material in kgs and 
em is the emission factor for m
th material in kgCO2-eq/kg.  
5.1.2.2 Emissions from purchased electricity (Eelec) 
Emissions from purchased electricity in tons-CO2-eq can be estimated using the 
following equation: 
1000
elece*Q
=elec
E
  5.8 
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where, Q is the amount of electricity used in kWh and eelec is the emission factor for 
the corresponding state and electricity grid. 
However, for indirect emissions, accurate quantification of material and electricity 
consumption for each activity is impossible at a construction site. Therefore, 
modifications to Equations 5.7and 5.8 are suggested to estimate emissions at 
activity level. 
5.1.2.3 Modification to estimate embodied emissions from materials 
The following equation can be used to measure the actual quantity of materials used 
for each activity: 
∑
mBOQm e*)μ+1(*Q=E   
5.9 
where, QBOQ is the quantity of material assigned in the bill of quantity (BOQ) for a 
specific construction activity, µ is the waste factor for the mth material and em is the 
emission factor for mth material in kgCO2-eq/kg.  
5.1.2.4 Modification to estimate emissions from electric equipment 
The most practical way to calculate electricity consumption is to use the rated power, 
usage hours and efficiency. Therefore, Equation 5.8 is modified as shown below. 
1000
elece*h*η*p
=elec
E
  
5.10 
Project-level equations and the updated equations to estimate emissions at 
equipment and activity level are shown in Table 5.2. The validation processes of the 
models are discussed in the validations chapter. 
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Table 5.2 Equations to estimate emissions at project, activity and equipment levels 
Emission source considered 
Emission estimation equations 
Project level Activity level  Equipment level 
Embodied emissions from 
materials 
∑= me*mQmE  ∑= me*mQmE  ∑= me*mQmE  
GHG emissions from material 
transportation 1000
jEF*jEC*jQ
T)GHG(E =  
1000
w*d*je*jEFT)GHG(
E
=
 
1000
w*d*je*jEFT)GHG(
E
=
 
Non-GHG emissions from 
material transportation 1000
k)NG(EF*kA
k,T)NG(
E =
 1000
k)NG(EF*kA
k,T)NG(
E =  
1000
k)NG(EF*kA
k,T)NG(
E =  
GHG emissions from equipment  
1000
jEF*jEC*jQ
eq)GHG(E =
 
 
 
Non-GHG emissions from 
equipment 
LF*T*P*kEFk,eq)NG(
E =
 
LF*T*P*kEFk,eq)NG(
E =
 
LF*T*P*kEFk,eq)NG(
E =
 
Emissions from electricity usage 
  
 
 
1000
T*LF*ef*jEFjEC
 GHGE
*
=
1000
T*LF*ef*jEFjEC
 GHGE
*
=
1000
* elec
elec
eQ
E 
1000
elece*h*η*P
elecE = 1000
elece*h*η*P
elecE =
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5.2 FRAMEWORK DEVELOPMENT 
 METHODOLOGICAL FRAMEWORK TO ESTIMATE AND COMPARE 5.2.1
DIRECT EMISSIONS (FRAMEWORK A) 
Based on the requirement to execute an in-depth analysis and the models 
developed, a method showing a flow chart was developed for carrying out in-depth 
direct emission analyses at the construction stage of buildings, as shown in Figure 
5.1. The initial step is to carry out a project-level emission analysis at the 
construction stage. Once the project level emissions are known, activity and 
equipment level analyses should be carried out to analyse direct emissions. The 
equipment-level analysis is to estimate the total emissions and emission rates of all 
the construction equipment used at the site. The estimation of emission rates is 
important to identify the equipment with the highest emissions for each pollutant 
substance (CO2, HC, CO, NOx, SO2 and PM). The next step is to group similar 
equipment together to identify the emission distribution of similar equipment groups 
(e.g. excavators, cranes and pumps). The power of the machine is one factor that 
affects the quantity of emissions (Lewis, 2009). A machine with higher power tends 
to emit higher emissions compared to a machine with lower power output  (Frey et 
al., 2010a). Therefore, the subsequent step is to identify equipment with similar 
capacity into one equipment group, which enables the comparative analysis of 
emissions to take place.  
Subsequently, various analysis options exist, such as effective machine usage 
allocation, replacement of machines, and the effect of machine age on reducing 
emissions from equipment. In-depth direct emission analysis at activity level aims to 
investigate the critical activities with high equipment emissions and transportation 
emissions. This will aid contractors to identify activities with significant direct 
emissions at the construction stage and to analyse and implement emission 
reduction opportunities at the execution stages of construction. First, emissions from 
equipment should be estimated for each activity. Activities with significant emissions 
from equipment for each emission substance can then be identified. These 
observations, along with the emission reduction opportunities obtained from 
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equipment level analysis, can be utilised to reduce emissions from activities, 
including significant equipment.  
Similarly, transportation emissions for each activity can be calculated using the in-
depth mathematical models developed to estimate transportation emissions from 
each vehicle. Following this, activities with significant transportation emissions can 
be identified using a comparative emission analysis. Once these activities are 
identified, the final step is to apply different emission reduction options to minimise 
the emissions from transportation. Once all the emission reduction possibilities are 
analysed and examined, the most feasible and the effective options can be finalised 
for implementation. A case study demonstrating the validity and the verification of the 
framework developed is discussed in Section 5.3.3.  
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Figure 5.1 Major steps for carrying out in-depth emission analysis at the construction stage 
 
169 
 
 SELECTION OF EMISSION STANDARD FOR ESTIMATION OF EMISSIONS 5.2.2
FROM CONSTRUCTION EQUIPMENT IN AUSTRALIA (FRAMEWORK B) 
In the absence of a country-specific emission standard, the selection of the most 
accurate standard to conduct an in-depth emission analysis of construction 
equipment is critical. As these emissions involve both CO2 and non-CO2 emissions, 
the selection of emission factor standards for all the pollutant substances should be 
included in a comprehensive emissions study of construction equipment.  Studies 
have shown that CO2 emissions mainly depend on the fuel consumption and the 
composition of the fuel (Frey et al., 2010a). In this way, if accurate fuel consumption 
data is available, a fuel-based emission factor inventory can be used to estimate 
CO2 emissions from construction equipment. The standard published by Australian 
greenhouse accounts (AGGA, 2013) is the most appropriate method to estimate 
GHG emissions as it is a fuel-based standard. However, for the Australian context, 
such a standard is not available for measuring non-CO2 emissions from construction 
equipment.  
Therefore, a selection procedure as suggested in Figure 5.2 can be executed to 
choose the most accurate and appropriate inventory for estimating emissions from 
construction equipment. Factors including availability of the standard, applicability of 
the standard in the Australian context, and reputation and inclusiveness of the 
emission standard should be taken into account when undertaking the selection 
procedure. The selection procedure is divided into the selection of standards for CO2 
and non-CO2 emissions. For CO2 emissions, the selection procedure is based on the 
availability of a country-specific inventory, the availability of accurate fuel 
consumption data, and the availability of fuel usage figures at equipment level. For 
non-CO2 emissions, the selection procedure is categorised according to the 
availability of the country-specific inventory, and the availability of data at activity and 
equipment level. 
The selection procedure uses inventories developed from different countries and 
regions. Therefore, prior to using these emission factor inventories, it is important to 
address the carbon content variations in fuel, geographical variations, climatic and 
temperature variations. However, if these inventories are used for a comparative 
study, the impacts from these variations are neutralised and thereby can be 
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neglected. Studies have shown that fuel-based emission standards are more 
suitable for GHG emission estimation while time- and machine-based emission 
standards are better suited for non-GHG emissions evaluation. In view of all these 
parameters, four emission standards, including two fuel-based emission standards 
(AGGA and IPCC emission standards) and two time-based emission standards (US 
and EU standards), were selected for the comparative analysis.   
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Figure 5.2 Selection process for inventories of emission factors to determine emissions from construction equipment
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5.3   VALIDATION OF THE MODELS AND DEVELOPED METHODOLOGIES  
The validation for the current study was addressed from several aspects, as shown 
in Figure 5.3. The validation and verification of the toolkit and its functions are 
extensively discussed in Chapter 7, and of the impact assessment methodology is 
discussed in Chapter 4. The following sections aim to validate the developed 
models, the frameworks and the emission methodology.  
VALIDATION & 
VERIFICATION
Developed models validation
Developed frameworks 
validation
Verification of the toolkit 
functions
Demonstration of the toolkit 
functions
Validation and justification of 
the emission methodology
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methodology
CURRENT CHAPTER
CURRENT CHAPTER
CURRENT CHAPTER
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Figure 5.3 Validation aspects for the research study 
 ADDRESSING THE UNCERTAINTIES IN THE EMISSION METHODOLOGY 5.3.1
The emission methodology was validated to address six different uncertainties.  
5.3.1.1 Parameter uncertainty 
Parameter uncertainty prevails in a study due to the use of excessive data, 
inventories and impact assessment methodologies. The current study used primary 
data collected through on-site data collection processes and as a result, data quality 
was maintained throughout the emission study. However, either appropriate 
references or justifications were made wherever secondary data were utilised in the 
analysis. The parameters in the impact assessment methodology were developed 
based on questionnaire survey responses which were validated for consistency and 
accuracy to maintain minimum uncertainty.  
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5.3.1.2 Model uncertainty 
The research study used project-level and activity-level mathematical models to 
measure emissions during building construction. The models to estimate project-
level emissions were adopted from well-referenced previous studies and published 
emission standards. The accuracy of activity-level models was compared with that of 
the project-level models to identify the sensitivity of the developed activity models. 
These findings indicated minor variations which were possibly negligible. Moreover, 
careful justification was provided whenever variations were obtained.   
5.3.1.3 Uncertainty due to choices 
Uncertainty due to choices can occur for defined functional units, characterisation 
methods and weighting factors. The current study used total construction area in m2 
as the functional unit, which is the most commonly used and accurate functional unit 
used in previous building emission studies. The characterisation factors and 
normalisation factors used in the impact assessment were obtained from well- 
referenced publications (Howard, 2010, Hermann et al., 2007). Weighting factors for 
the impact assessment were also obtained from questionnaire responses, with 
appropriate validity and consistency checks.  
5.3.1.4 Spatial variability 
The US EPA standard (2010) includes practical emission patterns in the 
methodology for the calculation of emissions from construction equipment. The use 
of US EPA standards in Australian conditions is validated accordingly in Chapter 6. 
Moreover, Australian standards were adopted for the calculation of emissions from 
transportation and electricity usage. A more comprehensive database, the ICE 
database (2011) was used to obtain embodied emissions from construction 
materials. The database was adopted due to the unavailability of a comprehensive 
emission database for construction materials in Australia. However, the adoption of a 
database developed for European conditions is a limitation of the study. 
5.3.1.5 Temporal variability and variability between sources and objects 
The uncertainties that occur due to temporal variations and different technical 
characteristics are not considered in the study, and this can be viewed as a 
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limitation. However, most of the emission study is a comparative analysis, which 
neutralises these variations. 
 VALIDATION OF THE DEVELOPED MATHEMATICAL MODELS 5.3.2
5.3.2.1 Accuracy of the developed mathematical models 
The research study has developed several mathematical models to estimate 
emissions from construction activities at equipment and activity level. The following 
section aims to validate the accuracy of the models. 
VALIDATION OF THE MODEL FOR GHG EMISSION ESTIMATION FROM DIESEL 
CONSTRUCTION EQUIPMENT 
The equipment usage details at the foundation construction in Case Study C were 
used to validate the model for the estimation of GHG emissions (Equation 3.1) from 
construction equipment. During the foundation construction stage, Case Study C 
used a total of 17 diesel construction equipment. The total GHG emissions 
calculated from the models can be determined by adding the GHG emissions for 
each construction machine shown in Table 5.3. The total GHG emissions from all the 
diesel construction equipment can also be determined by using the total fuel 
consumption at project level using Equation 3.1. The variations between both the 
obtained results were compared to check the validity of the equation. The duration of 
the foundation construction process was recorded as 12 months. Referring back to 
Chapter 4, the total diesel consumption for the 12 months can be obtained from 
Table 4.9. The resulting total GHG emissions obtained from both the methodologies 
are shown in Table 5.3.  
Table 5.3 Comparison of GHG emissions from construction equipment 
GHG emission estimation method GHG emissions  
(tons-CO2eq) 
Thesis location 
Using equipment-level equations (A) 207.78 Table 5.2 
Using project-level equations (B) 221.10 Table 5.2 
Variation (A-B)/B*100% -6.02% N/A 
 
The results indicate only a 6% under-estimation of GHG emissions using the 
equipment-level equations, which may be due to data recording inaccuracies and 
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approximations. However, this variation is small and the validity of the developed 
models can therefore be confirmed.  
VALIDATION OF THE MODEL FOR ESTIMATION OF GHG EMISSIONS FROM 
TRANSPORTATION VEHICLES 
The validation of GHG emissions estimation models from transportation vehicles was 
executed using fuel consumption data for concrete trucks. Data corresponding to 
four concrete trucks used during the foundation construction stage in Case Study C 
were used for the purpose. Table 5.4 highlights the details of the four concrete trucks 
used in the case study. Total GHG emissions for each concrete truck were 
calculated using both the project-level emission estimation model in Equation 3.3 
and the activity-level emission estimation models mentioned in Equations 5.5 and 
5.7. Fuel consumption was calculated using fuel consumption data and travel 
records for each transportation vehicle. 
Table 5.4 Details of concrete trucks used in case study C 
Truck 
ID 
Total km’s travelled (d) Total Quantity of fuel 
consumed (Q) in Litres 
CT 1 4156 1829 
CT 2 5021 1951 
CT 3 3945 1521 
CT 4 3422 1482 
 
The results obtained from both estimation models were then compared to assess the 
validity of the developed model. Table 5.5 illustrates the results and the variation 
between them. 
Table 5.5 Comparison of GHG emissions from concrete trucks using two models  
GHG emissions (kg-CO2eq) 
Truck ID 
Using activity-level 
equations (A) 
Using project-level 
equations (B) 
Variation % 
(A-B)/B*100 
CT 1 4424.0 4551.5 -2.8% 
CT 2 5322.8 5498.8 -3.2% 
CT 3 4121.7 4320.4 -4.6% 
CT 4 3594.0 3747.6 -4.1% 
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An average variation of approximately 3.6% was observed for the GHG emissions 
calculated using the two models. The variation appears negligible and may be due to 
improper documentation of travel records, fuel theft, engine idling due to traffic jams 
etc. Allowing for these limitations, the developed model can be confirmed as an 
accurate model to estimate GHG emissions from transportation vehicles. 
 VALIDATION OF FRAMEWORK A 5.3.3
The foundation construction in Case Study C was used for initial validation of 
Framework A developed in the preceding chapter. The validation of the framework 
followed five major steps for equipment- and activity-level analysis, respectively. The 
case study data were used in the sequence provided in the framework to examine 
the ability to achieve the desired objectives of the development of Framework A. 
5.3.3.1 Details of the case study  
The foundation construction of Case Study C was a 15-storey commercial building, 
which was used to demonstrate the emission analysis at project, activity and 
equipment levels. Table 5.6 summarises general details of the case study project 
and other general details of the case study are given in Section 4.3.  
Table 5.6 General details of the case study project 
Foundation area 
(m2) 
No. of floors Type Local environment Basements 
12,600 15 Commercial Urban 2 floors 
 
A total number of 339 piles were constructed for the foundation in eight different 
construction zones. Four rafts were built on the top of the eight pile construction 
zones. A detailed layout of the foundation for the case study is shown in Figure 5.4.  
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Figure 5.4 Layout of the foundation for the case project  
5.3.3.2 Materials and mobile vehicles used  
The quantities of materials required for emission calculation were collected using 
bills of quantity (BOQ) and daily delivery logs obtained during construction. Table 5.7 
highlights the amount of materials transported and their transportation distances.   
Table 5.7 Details of material used in foundation construction 
Material Amount (tonnes) 
One-way transport 
distance (km) 
Ready-mix concrete  22,266 20 
Reinforcing bar  494.5 15 
N Grade 500 reinforcing bar  89.8 15 
R Grade 350 rolled square bar  6.9 15 
W Grade 500 ribbed wire 11.3 15 
Mesh bars 0.2 12 
Prefabricated pile cage reinforcing 
bar  
108.0 12 
Piling cages produced on caging 
machines  
93.8 12 
Mes  manufactured from coil sheets 0.2 12 
Formwork  4.3 6 
 
Similarly, the amount of materials transported using each truck and the distance 
travelled were obtained from delivery reports, whilst the vehicle characteristics were 
obtained from truck drivers. Three types of mobile vehicles were used for material 
Zone #1 Zone #2Zone #3 Zone #4 Zone #5 Zone #6Zone #7 Zone #8Zone number
64 Number of piles 17
18 9Number of pile caps
Raft 1
81
27
40 12 43
13 3 12
Raft 2 Raft 4
22 60
23 13
Raft 3Raft number
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transport. Concrete mixing trucks were used to deliver ready-made concrete, while 
heavy- and medium-duty trucks were utilised to transport other construction 
materials. Table 5.8 outlines the number of units used in each vehicle type during 
foundation construction. 
Table 5.8 Details of mobile vehicles used in foundation construction 
Vehicle Type Fuel type Empty weight (lb) No of units 
Concrete mixing truck Diesel 30,000 10 
Heavy-duty truck Diesel 26,000 6 
Medium-duty truck Diesel 14,000 5 
5.3.3.3 Construction equipment used  
A number of construction equipment and mobile vehicles were used during the 
foundation construction process. The machine and equipment characteristics and 
usage details were obtained from the technical statements and daily work sheets, 
respectively. Table 5.9 summarises the details of the construction equipment used 
during the construction process. 
Table 5.9 Details of major construction equipment used in foundation construction 
ID Machine type Fuel type Power (kW) Tier Total usage (hrs) 
E1 Excavator Diesel 246 3 795.8 
E2 Excavator Diesel 260 3 696.4 
E3 Excavator Diesel 134 3 495.6 
E4 Excavator Diesel 127 2 337.5 
E5 Excavator Diesel 29 4 157.7 
E6 Excavator Diesel 123 3 295.8 
E7 Bulldozer Diesel 93 4 365.6 
E8 Crawler crane Diesel 283 2 301.7 
E9 Crawler crane Diesel 319 2 313.1 
E10 Crawler crane Diesel 170 2 282.8 
E11 Crawler crane Diesel 426 3 89.1 
E12 Piling rig Diesel 328 3 264.6 
E13 Piling rig Diesel 205 3 153.3 
E14 Piling rig Diesel 328 3 184.1 
E15 Compactor Diesel 3 4 442.5 
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E16 Roller Diesel 56 2 210.0 
E17 Pump truck Diesel 565 3 1337.0 
E18 Jack hammer Electric - - 295.0 
5.3.3.4 Activities in foundation construction 
As shown in Table 5.10, the piling process in the case study was undertaken in 8 
zones. The raft construction was performed in four stages; zone 1 piles for raft 2, 
zones 2 and 7 piles for raft 1, zones 3, 4 and 5 piles for raft 4, and zones 6 and 8 for 
raft 3. Apart from these two major construction processes, other activities, such as 
minor excavation activities, small demolition works, material loading and equipment 
works are also included in the analysis. These activities are categorised under other 
construction activities. The piling and raft construction processes also include 
several sub-activities, as shown in Table 5.11.      
Table 5.10  Durations of major construction activities in foundation construction 
Stage 
Total time taken for construction (days) 
Zone 1 
 
Zone 2 Zone 7  Zone 3 Zone 4 Zone 5  Zone 6 Zone 8 
Piling process 70 
 
49 18  32 13 19  47 36 
Raft construction 38 
 
19  19  23 
Table 5.11 Activity breakdown at foundation construction stage 
Major 
process 
ID Sub-activity Equipment used 
Piling A1 Excavate the pile holes Piling rigs 
A2 Construction of bell-out Piling rigs 
A3 Lift and place reinforcement 
cage 
Crawler crane 
A4 Push and install the 
reinforcement cage 
Excavator 
A5 Concreting Concrete pump truck 
A6 Backfill and compaction Excavator, compactor 
A7 Pile cap construction Crawler crane, concrete pump 
truck 
    
Raft A8 Excavate raft Excavator, bull-dozer 
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construction A9 Trim pile top Electric jackhammer, excavator 
A10 Lifting and placing of 
reinforcement 
Crawler crane 
A11 Concreting Concrete pump truck 
A12 Backfill and compaction Excavator, compactor 
    
Other 
construction 
Activities 
A13 Other excavation works Excavator, bull dozer 
A14 Loading excavated materials  Excavator, bull dozer 
A15 Moving equipment within the site Excavator, crawler crane 
A16 Small demolition works Excavators, jackhammer 
A17 Other filling and compaction 
works 
Roller, excavators 
5.3.3.5 Project-level GHG emissions 
The total GHG emissions (in tons) for the three emission sources at the project level 
are shown in Figure 5.5. Embodied emissions from materials were responsible for 
77.1% of the total GHG emissions during foundation construction. Emissions from 
equipment usage and transportation account for 13.5% and 9.4%, respectively. The 
total GHG emissions were recorded as 5,142.40 tons, which corresponds to an 
average of GHG emissions per square metre value of 408.13 kg/m2. This figure was 
obtained by dividing the total GHG emissions by the total foundation construction 
area, which is the sum of the ground floor area and the areas of the basements 
(Forsythe and Ding, 2014). 
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Figure 5.5 GHG emissions for foundation construction in the case project 
5.3.3.6 Project-level non-GHG emissions 
Figure 5.6 illustrates that CO and NOx are dominant in non-GHG emissions. These 
emissions directly contribute to impact categories such as acidification, 
eutrophication and potential photochemical oxidant formation.  
 
Figure 5.6 Non-GHG emissions (in kg) for foundation construction in the case project 
The results in the preceding section only provide emissions at the project level. 
However, knowing only the total emissions would restrict users to comparing 
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emissions at the equipment and activity level. Therefore, as per the first step in the 
framework, equipment level emissions were estimated to investigate the potential of 
an in-depth analysis.  
5.3.3.7 Emission estimation and comparison at the equipment level 
The comparison of total emissions and emission rates for all the construction 
equipment used in the case study are shown in Table 5.12, which shows that the 
highest emissions were recorded for the use of the concrete pump truck (E17). This 
is due to the high operating hours of concrete truck compared to other machines and 
equipment. The second step in the framework is to group similar equipment types 
together to identify the equipment types with significant emissions. Grouping similar 
types of equipment as shown in Figure 5.7 and Figure 5.8 indicates that excavators 
are responsible for the highest contribution of both GHG and non-GHG emissions. 
This indicates the importance of grouping similar machine types in an equipment- 
level emission analysis. The emission distributions for equipment types also 
emphasises that emissions from excavators are followed by emissions from concrete 
pumps, cranes and piling rigs. However, to effectively compare emissions associated 
with different equipment, a similar comparative basis is required, which justifies the 
calculation of emission rates (amount of emissions per hour), as suggested in the 
proposed framework. The corresponding emission rates are shown in Table 5.12 to 
compare the emission patterns of equipment used on site. The values marked in red 
illustrate the highest value for each column. 
Table 5.12 Emission distributions at equipment level (rounded up to next whole number) 
ID Emissions Emission rates 
HC 
(kg) 
CO 
(kg) 
NOx 
(kg) 
GHG 
(Mt) 
PM 
(kg) 
SO2 
(kg) 
HC 
(g/hr) 
CO 
(g/hr) 
NOx 
(g/hr) 
GHG 
(kg/hr) 
PM 
(g/hr) 
SO2 
(g/hr) 
E1 29 227 428 82 36 69 37 285 538 103 45 87 
E2 24 199 355 77 36 57 35 285 510 111 51 82 
E3 10 127 138 49 16 22 19 256 279 98 32 45 
E4 12 48 133 34 8 14 36 141 393 102 23 42 
E5 - 1 11 14 - 1 3 4 69 89 - 8 
E6 6 41 75 25 10 12 19 138 253 83 34 41 
E7 2 15 44 74 - 5 3 23 65 110 - 8 
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E8 8 44 215 30 6 21 28 147 712 100 19 69 
E9 10 49 250 30 5 24 31 158 799 97 17 78 
E10 5 38 114 29 3 12 17 134 403 102 - 41 
E11 4 19 55 7 3 9 41 219 616 84 31 104 
E12 8 43 125 27 6 21 32 164 474 103 21 80 
E13 2 18 34 15 1 6 15 118 220 100 9 37 
E14 3 13 34 19 3 6 14 69 187 104 16 31 
E15 - 3 3 21 - - - 7 8 48 - - 
E16 4 35 42 22 3 4 17 168 198 105 13 21 
E17 58 442 853 138 66 138 43 331 638 103 49 103 
             
Figure 5.7 Percentage GHG emission distributions of different equipment 
According to the fourth step in the framework, machines with similar capacities 
should be identified to perform a comparison of emissions. For instance, E1, E2, E3, 
E4, E5 and E6 all are excavators used on site. However only E1 and E2 are of 
similar capacities, and E3, E4, E6 are also of similar capacities. Grouping these 
excavators allows a more accurate comparative analysis to be performed. Similarly, 
E8 and E9 are crawler cranes with similar capacities, and E12 and E14 are piling 
rigs with similar capacities, allowing for effective comparative analysis.  
To demonstrate the fifth step of the equipment level analysis in the framework, a 
comparative study as shown in Table 5.13 was performed to check the effect of 
emission rates on emission variation by interchanging usage hours of machines. The 
results indicate that merely interchanging usage hours for excavators E3, E4 and E6 
51% 
14% 
9% 
20% 
6% 
Excavators
Cranes
Piling rigs
concrete pump
other
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can achieve emission reductions of 0.42, 1.73 and 0.27% for GHG, CO and NOx, 
respectively. Other comparisons demonstrated an increase in GHG emissions and a 
decrease in NOx and CO. This is because GHG emissions are only dependent on 
fuel consumption, whereas non-GHG emissions are dependent on vehicle 
characteristics. This observation indicates that combination C2 is the best option, if 
the emission reduction perspective is GHG emissions at a global level. However, in 
the case of local-level emission reduction opportunities, all the combinations may be 
significant. Combination C2 appears to be the most suitable option if all the aspects 
are taken into consideration for emission reduction.  
Therefore, it is important to identify which equipment is effective for a certain 
emission reduction option, which can only be achieved based on an equipment level 
analysis. It is worth mentioning that other emission reduction opportunities, such as 
the effect of machine age, engine characteristics and replacement of machines, 
could also be inspected by conducting a similar equipment-level study.  
 
Figure 5.8 Non-CO2 emissions distribution (kg) of different equipment 
Table 5.13 Comparative analysis at equipment level 
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C1 E1 and E2 Interchange usage hours 0.11% 0.00% -0.09% 
C2 E3, E4 and E6 E6 with maximum and E3 with minimum 
usage hours 
-0.42% -1.73% -0.27% 
C3 E8 and E9 Interchange usage hours 0.00% -0.01% -0.13% 
C4 E12 and E14 Interchange usage hours 0.01% -0.55% -0.87% 
5.3.3.8 Emission estimation and comparison at activity level 
Activity-level emission analysis follows the equipment level analysis in the 
framework. Activity-level emissions include emissions from materials, equipment and 
transportation. According to the first step in the activity level analysis, it is necessary 
to categorise the construction equipment emissions at each activity level. Knowledge 
of the equipment emissions for each activity will provide the opportunity to identify 
the activities with significant emission contributions from materials and 
transportation. Table 5.14 shows the equipment usage for each activity in the 
foundation construction. The total usage of equipment is obtained by summing the 
usage of each activity for equipment. 
The emissions from construction equipment are highlighted in Table 5.15. The 
second step is to identify the activities with significant emissions from equipment. 
The activities contributing to the top five emissions for each emission substance are 
highlighted. According to the project-level results in Figure 5.6, NOx and CO are the 
most significant non-GHG emissions and therefore only CO and NOx are considered 
in the in-depth analysis. This indicates that activities A5, A6, A7, A8, A11, and A15 
have more significance for non-GHG emissions and activities A5, A6, A7, A8, A14 
and A15 are more significant for GHG emissions. These observations provide an 
indication of activities to be considered when trying to minimise emissions from 
construction equipment.  
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Table 5.14 Construction equipment usage (hours) at activity level 
ID E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 E16 E17 E18 
A1 - - - - - - - - - - - 213 117 139.3 - - - - 
A2 - - - - - - - - - - - 51.6 36.3 44.8 - - - - 
A3 - - - - - - - 100 82 47.6 63.3 - - - - - - - 
A4 65.4 - 20.2 - - 141.5 - - - - - - - - - -  - 
A5 - - - - - - - - - - - - - - - - 493.1 - 
A6  226.4 - 150 - - - - - - - - - - 397.5 - - - 
A7 - - - - 125.7 - - 28.5 155.2 115.2 18..3 - - - - - 380 - 
A8 285 189 - - - - 192 - - - - - - - - - - - 
A9 315  - - - - - - - - - - - - - - - 295 
A10 - - - - - - - 19 - - - - - - - - - - 
A11 - - - - - - - - - - - - - - - - 463.9 - 
A12 - - - - - - - - - - - - - - 45 - - - 
A13 64.6 192 148 - 32 - - - - - - - - - - - - - 
A14 - - 80.4 - - - 480 - - - - - - - - - - - 
A15 65.8 89 74 - - - - 154.2 75.9 120 25.8 - - - - - - - 
A16 - - 134.8 112.3 - 154.3 - - - - - - - - - - - - 
A17 - - 38.2 75.2 - - - - - - - - - - - 210 - - 
Total 795.8 696.4 495.6 337.5 157.7 295.8 672 301.7 313.1 282.8 89.1 264.6 153.3 184.1 442.5 210 1337 295 
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Table 5.15 Emission distribution for construction equipment at activity level 
Activity Name  ID GHG 
(Mt) 
HC 
(kg) 
CO 
(kg) 
NOx 
(kg) 
SO2 
(kg) 
PM 
(kg) 
Excavate the pile hole A1 48.32 10.41 58.23 152.68 25.77 7.69 
Construction of bell-out A2 13.66 2.79 15.80 40.80 6.89 2.11 
Lifting and placing reinforcement 
cage 
A3 28.10 8.73 47.83 194.93 21.83 5.70 
Push and install reinforcement 
cage 
A4 20.52 5.46 43.36 76.53 12.38 8.36 
Concreting A5 50.84 21.34 163.12 314.71 51.03 24.31 
Backfill and compaction A6 59.54 13.76 88.66 177.40 25.22 15.05 
Pile cap construction A7 80.14 24.32 170.29 441.97 59.11 24.99 
Excavate raft A8 71.52 17.69 139.65 262.06 41.87 22.61 
Trim pile top A9 32.89 11.52 89.93 169.32 27.41 14.29 
Lifting and placing A10 1.89 0.53 2.78 13.54 1.31 0.37 
Concreting A11 47.83 20.08 153.51 296.08 45.01 22.90 
Backfill and compaction A12 2.16 0.04 0.33 0.35 0.03 0.00 
Other excavation works A13 45.37 12.02 111.25 176.10 28.31 17.44 
Loading excavated materials  A14 60.71 3.19 31.41 53.67 7.39 2.54 
Moving equipment within the site A15 61.10 16.64 119.45 336.15 40.57 16.09 
Smaller demolition works A16 37.50 9.59 71.60 120.66 17.11 12.02 
Other filling and compaction 
works 
A17 25.79 7.11 55.61 81.85 9.26 5.76 
Total 687.88 185.22 1362.8 2908.8 420.5 202.5 
 
The third and fourth steps are to determine the activities that are significant for 
emissions from materials and transportation. The emissions for transporting steel 
reinforcement and concrete in each activity can be determined by proportionally 
distributing total transportation emissions to activities A3, A4, A10 (for steel) and A5, 
A7, A11 (for concrete), based on the weight of materials used, as shown in Figure 
5.9. The resulting emission distributions for activities are shown in Figure 5.10. It was 
also found that activities A5, A7 and A11 contribute to material emissions. Since the 
framework concentrates only on the minimisation of direct emissions, emissions due 
to equipment and transportation are considered in the comparative analysis. 
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Moreover, for a project where the selection of materials and the construction method 
are fixed, the only possibility for contractors is to concentrate on direct emissions.  
 
Figure 5.9 Material & transportation distribution at activity level 
 
Figure 5.10 Emissions distribution for transportation 
Once the activity level emissions are determined, it is necessary to identify the 
accuracy of the significant emission activities selected for the analysis. If the 
selected activity with the least emissions due to equipment usage is equal to or less 
than the activity with the smallest amount of emissions due to transportation, the 
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selected significant activities for equipment are correct. Otherwise, the selection 
should be repeated to include the least emission activity in significant emission 
activities by equipment. 
The breakdown of the emissions at the activity level demonstrates that A5, A6, A7, 
A8, A11, A14 and A15 are the activities that contribute significantly to emissions. The 
GHG emissions for the identified critical activities are shown in Figure 5.11. The 
results highlight that A6, A8 and A15 are critical only due to equipment usage, while 
A5, A7, A11 and A14 are critical due to transportation. Moreover, GHG emissions 
from transportation are significant for activity A14. These observations can be further 
clarified by reference to Figure 5.10 showing GHG emission distribution of material 
transportation. Concrete transportation recorded the highest emission contribution 
with 55% of the total emissions from transportation. It was also noted that excavated 
soil transportation accounts for 42% of the total emissions from transportation. This 
signifies that at foundation construction stage, both the transportation of concrete 
and the excavated material should be given equal consideration in the exploration of 
emission reduction opportunities. Other activities, such as the transportation of 
reinforcement, have less importance when compared to the transportation of 
concrete and excavated material. Therefore, these activities should be given more 
preference in reducing emissions from transportation and materials. 
The results in Table 5.16 illustrate the distribution of non-GHG emission for the 
significant activities. Activity A14 contributes the most significantly to both CO and 
NOx emissions for transportation. Moreover, CO emissions from transportation also 
seem to be very high for Activities A5, A7 and A11.   
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Figure 5.11 Distribution of GHG emissions for critical activities 
Table 5.16 Activity-level non-GHG emission analysis 
 
ID 
 
Activity 
Equipment 
emissions (kg) 
Transportation 
emissions (kg) 
CO NOx CO NOx 
A5 Concreting 67.36 129.96 169.77 141.09 
A7 Pile cap construction 106.18 204.86 267.61 222.41 
A8 Excavate raft 139.65 262.06 - - 
A11 Concreting 268.75 518.50 677.32 562.90 
A14 Loading excavated materials  - - 1880.6 1538.5 
A15 Moving equipment within the site 119.45 356.15 - - 
 
These observations provide a basis to identify which activities to consider in 
achieving emission reduction opportunities from material transportation. This is the 
final step suggested in the framework. For instance, based on activity A14, effective 
resource use of soil dumping trucks should be considered to reduce CO and NOx 
emissions. Moreover, it was also observed that CO emissions are more significant 
for transportation than equipment usage. In the case of NOx emissions reduction, 
both equipment and transportation should be given equal consideration, as they are 
of similar amounts. For instance, it was observed that if a trailer is used with a soil 
dumping truck, emissions from transportation can be reduced by 22%. These 
observations are not possible if emissions are analysed only at the project level. 
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Therefore, all these results and observations demonstrate the importance of carrying 
out an in-depth activity and equipment level analysis at the construction stage. 
5.3.3.9 Summary of the results and study 
The comparative case study analysis suggests that project-level emission analysis 
cannot provide sufficient information to enable the identification of emission 
reduction opportunities, especially for direct emissions. Therefore, the study 
highlights the significance of performing an in-depth level analysis at equipment and 
activity level to provide more insights. Table 5.17 summarises the benefits of each 
step in the in-depth analysis demonstrated using the case study analysis. 
Table 5.17 Advantages of an in-depth analysis 
Level Step Benefit 
Equipment Total emissions for each 
construction machine 
Understand which emission 
pollutant is significant for each 
machine 
Equipment Emission rates for each 
construction machine 
Identify the machines with highest 
emission rates for each emission 
pollutant 
Equipment Categorise similar machines Initial identification of significant 
emission-related activities from 
construction equipment 
Equipment Categorise machines with similar 
capacities  
Provides the foundation for 
comparison of resource usage to 
minimise emissions 
Activity Find equipment usage for each 
construction activity  
Identify activities with significant 
equipment emissions  
Activity Estimate equipment emissions for 
each construction activity 
Identify the activities with significant 
equipment emissions for each 
pollutant type 
Activity Estimate transportation emissions 
for each construction activity 
Find activities with significant 
transportation emissions 
 
A case study of pile foundation construction was used to demonstrate the emission 
distribution at project level, equipment level and activity level, and to validate the 
framework proposed in the study. The results indicate that 77.13%, 13.53% and 
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9.34% of total GHG emissions were recorded for materials, equipment usage and 
transportation, respectively, at the foundation construction stage. CO and NOx 
emissions dominated non-GHG emissions; however, the relatively minor quantities 
of SO2 and PM cannot be neglected at an aggregate level.  
In-depth analysis at the equipment level, as suggested in the framework, illustrated 
that based on total emissions, excavators and concrete pumps are significant 
contributors to emissions from equipment. For the effective comparison of emissions 
from equipment, emission rates were calculated and used as an important 
parameter. The comparison of emission rates at the equipment level enables the 
possibility of assigning a machine with lower emission factor to an activity with longer 
duration.  
Moreover, knowledge of emissions at the equipment level provides a clue to observe 
the effect of factors such as equipment and vehicle engine characteristics, and the 
age of the machine on emission reduction at the construction stage. The emission 
comparisons at the activity level are useful in identifying not only activities with 
significant emissions from materials and transportation, but also critical activities for 
each emission substance, thereby providing an area of focus for contractors to 
reduce emissions. Therefore, the emission results obtained at the equipment level 
and the activity level could be used in the decision-making process for effective 
emission reduction at the construction stage.  
The validation of the framework developed via a case study revealed the necessity 
to carry out an in-depth emission analysis at the construction stage of buildings for 
direct emissions. It further highlighted the inability of project-level emission analysis 
to identify the emission reduction options for direct emissions at the construction 
stage. The proposed framework is able to address this research gap by considering 
a step-by-step in-depth analysis of direct emissions at the construction stage.  The 
equipment-level analysis proposed in the analysis provides insights into the 
identification of possible actions to minimise emissions from equipment. Moreover, it 
helps to identify the machine categories with significant emissions during 
construction. The activity-level analysis is effective in identifying the activities with 
critical emissions. Furthermore, the activity-level emission analysis is able to identify 
corresponding activities with significant equipment and transportation emissions. 
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This will enable contractors to implement the respective emission reduction options 
for equipment and transportation vehicles with minimum effort. The proposed models 
and the framework can be effectively used to perform a thorough direct emission 
analysis for residential and commercial building construction. 
The major limitation of this research is that it requires in-depth data on equipment 
and materials to carry out the comprehensive analysis. For example, in the case of 
data collection for equipment, the process can be complex and time-consuming. If 
activity-level data are available, it is one of the most effective ways to explore 
emission reduction opportunities in building construction; however, further validation 
is suggested to determine the effectiveness and consistency of the framework 
developed using different case studies of building construction.  
 VALIDATION OF FRAMEWORK B 5.3.4
5.3.4.1 Methodology  
Previous studies have shown that fuel-based emission standards are more suitable 
for GHG emission estimation, while time- and machine-based emission standards 
are better suited for non-GHG emission evaluation (Abolhasani et al., 2008, Lewis, 
2009).  Based on this observation, four emission standards, and two fuel-based: 
AGGA and IPCC and two time-based: US and EU were selected for the comparative 
analysis. A case study-based comparative analysis was then carried out to compare 
the CO2 emissions and non-CO2 emissions from different construction equipment 
using the four different emission factor inventories. i.e.., the Australian Greenhouse 
Accounts factors, the US EPA factors, the IPCC TIER 1 approach and the EEA 
approach.  
The case study used a portable emission measurement system (PEMS) to measure 
actual emissions from construction equipment.  For the comparison of CO2 
emissions, eight construction machines were used, as shown in Table 5.18, which 
included backhoes, bulldozers and excavators. For the comparison of non-CO2 
emissions in the case study, only three excavators were used (EX 1, EX 2 and EX 
3), as equipment-level information was only available for the excavators. Studies 
have found that CO and NOx emissions have more significance among non-CO2 
emissions from construction equipment (Guggemos, 2003, Sihabuddin and 
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Ariaratnam, 2009). Therefore, only CO and NOx were compared with the actual 
emissions for non-GHG comparison.  
Table 5.18 Input data for CO2 emission comparison analysis 
Equipment* Activity Power (hp) tier Model year Displacement (l) Use (hr) 
BH 1 Load truck 88 2 2004 4.0 3.1 
BH 2 Move material 88 1 1999 4.2 1.32 
BH 3 Move soil 88 1 2000 4.2 1.12 
BD 1 Stockpile 95 1 2002 5.0 3.83 
BD 2 Stockpile 90 1 2003 3.9 1.56 
EX 1 Excavate soil 254 1 2001 8.3 0.68 
EX 2 Excavate soil 138 2 2003 6.4 2.65 
EX 3 Move soil 93 1 1998 3.9 3.56 
*BH - Backhoe, BD – Bulldozer, EX - Excavator 
 
Emission estimation models used for the comparative analysis are discussed in the 
fuel-based and time-based sections below. 
5.3.4.2 Fuel-based emission estimation models 
The following equation (5.11) can be used to estimate GHG emissions, based on the 
fuel consumption of the equipment. The models can be used to measure emissions 
using the AGGA, IPCC and EEA tier 1 standards: 
1000
e*EQ
 = GHG) of (kgs Emissions
*
 5.11 
where, Q is the quantity of fuel used in kL, E is the energy content factor in GJ/kL 
and e is the emission factor in kg/GJ. Corresponding emission factor and energy 
content factor values can be obtained from the IPCC report (2007), AGGA report 
(2013) and EEA report (2013). 
Emission estimation for the EEA tier 2 approach, was achieved using the following 
equation: 
t,c,j,ic,j EF*FC=E  5.12 
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where, FCj,t is the fuel consumption of fuel type j for equipment category c, and EFi,j,t 
is the average emission factor for pollutant I for fuel type, j for equipment category c 
and technology type t. 
5.3.4.3 Time-based emission estimation models 
Emissions from each pollutant can be estimated using the equation below: 
N*LF*h*P*EF=Emissions  5.13 
Where, P is the rated power in hp, h is the use of equipment in hours, LF is the load 
factor and N is the number of equipment items considered. The corresponding 
emission factors and the other variables for EU standards are given in the EEA 
report (EEA, 2013) and the emission factor calculation for US EPA adopted the 
following methodology: 
The emission factors for the NON-ROAD model in US EPA report proposes an 
equation as shown below to estimate CO2 emission factor: 
12
44
*HC)-453.6*(BSFC = )(EF factor emission CO
2CO2
 5.14 
where, BSFC is the brake-specific fuel consumption in lb/hp-hr, 453.6 is the 
conversion of lb to grams, 0.87 is the carbon mass fraction of diesel and 44/12 is the 
ratio of CO2 mass to carbon mass and HC is the adjusted emission factor hydro- 
carbon emissions. 
Emission factors for hydrocarbon (HC), carbon monoxide (CO) and nitrous oxide 
(NOx) in g/lb-hr can be calculated using the following equation: 
DF*TAF*EF=NOCO,HC, for EF SSx  5.15 
Where, EFadj is the adjusted emission factor HC, TAF is the transient adjustment 
factor and DF is the deterioration factor, which can be calculated using the equation 
below: 
)Factor) Age(*A+1(=DF b  5.16 
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Where, A, b are constants for a given pollutant/technology type, and age factor is the 
fraction of median life expected. The TAF value is classified for different equipment.   
5.3.4.4 CO2 emissions comparison 
CO2 emissions were compared between the Australian greenhouse gas accounts 
the IPCC tier 1 approach, the US EPA and EEA standards.  
Table 5.19 CO2 emissions estimated using different standards 
Machine 
CO2 emissions in kgs 
Actual results Aus. NGA US EPA IPCC TIER 1 EEA 
BH1  7.2 9.02 8.15 10.3 8.87 
BH2 34.16 41.71 26.45 47.66 41.06 
BH3 16.94 20.69 13.12 23.63 20.36 
BD1 68.94 83.89 126.36 95.85 82.57 
BD2 57.98 70.29 62.67 80.31 69.18 
EX1 42.16 51.22 53.94 58.53 50.42 
EX2 111.3 135.20 114.31 154.48 133.07 
EX3 96.12 116.96 114.98 133.64 115.12 
 
Figure 5.12 Variation of percentage of CO2 emissions of different approaches  
The results of CO2 emission calculations using all the four standards are tabulated in 
Table 5.19. The table shows that none of the approaches is able to calculate the 
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results precisely. Therefore, to understand the variations of emissions from different 
approaches, the deviation of emissions from actual results were graphed. The 
results in Figure 5.12 show a uniform pattern for IPCC, EEA and AUS NGA, while 
the US EPA method shows a scattered pattern. One reason is that the US EPA 
assumes a constant BSFC value, which may not correctly reflect the actual operation 
of construction equipment. This is because the fuel consumption differs according to 
the activity of the equipment. Therefore, the use of a time-based emission factor to 
calculate CO2 emissions is not accurate as a fuel-based emission factor. The other 
reason is that studies have shown that CO2 emissions depend only on the fuel 
consumption and the composition of the fuel (Lewis et al., 2009b). This observation 
can be further justified, because both EEA Tier 1 and 2 (2013) provide the same 
emission factors for CO2 emissions. A reason for the variation of emissions from fuel-
based emission factors is because the study is based in the USA and the carbon 
content of fuel is different to that in Australia and Europe. Moreover, the Tier 1 IPCC 
approach is a default approach which is approximate, and hence shows more 
variation than the other two. Therefore, it is preferable to use a country- specific fuel-
based emission factor for the calculation of CO2 emissions from construction 
equipment, wherever possible. However, in the absence of a country- specific 
emission factor it is best to use a fuel-based emission factor with the appropriate 
adjustments and assumptions.  
5.3.4.5 Comparison of non-CO2 (non-GHG) emissions  
Non-CO2 emissions were compared using the US EPA approach and the EEA Tier 1 
and Tier 3 approaches. The results are shown in Table 5.20.  As the table shows, 
none of the emissions match the actual emissions. Therefore, the variation of 
emissions from the actual results was calculated to understand the percentage of 
deviation of different approaches from the actual emissions. Figure 5.13 and Figure 
5.14 show the CO and NOx emission deviation from the actual, respectively. It is 
seen that the US EPA results appear to be the most accurate with less deviation 
from the actual. Therefore, in the absence of a country-specific emission factor 
inventory, the US EPA is the most accurate inventory for non-CO2 (non-GHG) 
emissions estimation. Moreover, fuel-based emission factors (EEA tier 1) over-
estimate the non-GHG emissions from construction equipment (Lewis et al., 2009a). 
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These results justify the fact that non-GHG emissions are more dependent on 
machine characteristics than fuel characteristics (Lewis et al., 2009a).  
Table 5.20 Non-CO2 emissions from different approaches (in kgs) 
Machine 
EEA Tier 1 EEA Tier 3 US EPA Actual emissions 
CO NOx CO NOx CO NOx CO NOx 
EX1 205.61 523.18 180.39 699.39 117.22 623.75 131.71 668.68 
EX2 542.69 1380.93 496.52 1126.71 287.17 929.16 361.02 976.09 
EX3 469.49 1194.67 259.34 1340.64 251.99 1149.44 266.05 1677.3 
 
 
Figure 5.13 CO variations of different approaches from the actual 
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Figure 5.14 NOx variations of different approaches from the actual 
5.3.4.6 Summary of results 
An ideal emission study at the construction stage should include both CO2 and non-
CO2 emissions, because emissions from construction equipment involve both, due to 
the partial combustion of fuel. The selection of the most appropriate emission factor 
inventory is one of the major complications that make this emission evaluation more 
complex. An inaccurate inventory can lead to distorted results. The present study 
reviewed four major inventories for the estimation of CO2 and non-CO2 emissions 
from construction equipment. A selection procedure was developed based on the 
reviewed standards and the observations obtained from previous emission studies to 
select the most suitable and the most accurate inventory for the estimation of 
emissions from construction equipment.  A case study was then used to compare the 
actual emissions with the estimated emissions from different approaches. The 
results were then used to investigate the validity and the implementation of the 
selection procedure developed.  
The results indicated that for both CO2 and non-CO2 emissions, in the absence of a 
country-specific emission standard, the selection process suggested in the study can 
be utilised effectively in the Australian context. It is confirmed that CO2 emissions 
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mainly depend on the fuel consumption and the fuel composition. Therefore, if 
accurate fuel consumption data are available, a fuel-based emission standard would 
be more appropriate to estimate CO2 emissions from construction equipment. In the 
Australian context, the standards published by Australian greenhouse accounts can 
be effectively used to estimate GHG emissions. The results of the case study 
indicate that non-CO2 emissions are more dependent on the machine characteristics 
and therefore emission standards such as those published by the US EPA would be 
more appropriate for the estimation of non-CO2 emissions. However, to use such an 
inventory, specific information is required on equipment and activity level. The 
selection process developed in the study provides a basic guideline for the selection 
of the most accurate emission factor inventory for construction equipment in the 
absence of a country-specific emission standard. 
Further studies are encouraged to further validate the procedure using various case 
studies and develop a separate emission factor standard for construction equipment 
in Australia, as construction equipment demonstrates unique emission patterns. 
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6. SCENARIO ANALYSIS  
The preceding sections effectively justify the necessity of an in-depth analysis at the 
construction stage of buildings. This chapter investigates the possible options for 
emissions reduction at the construction stage of buildings using different scenarios. 
These scenarios are discussed for direct emissions, construction materials and 
different construction techniques. The options in these scenarios can be effectively 
implemented in reducing emissions at the construction stage of buildings.  
6.1 THE EFFECT OF OPTIMISING DIRECT EMISSIONS 
 IDENTIFICATION OF FACTORS AFFECTING DIRECT EMISSIONS  6.1.1
Based on the literature review, ten major factors (as shown in Table 6.1) that affect 
direct emissions in building construction were identified. Five interviews, with two 
construction managers and three research experts, were then conducted to identify 
similar factors and to investigate the possibility of conducting an in-depth analysis by 
grouping those similar factors together.  Initially, the interviewees suggested five 
scenarios: equipment age, equipment characteristics, effective machine allocation, 
vehicle capacity and vehicle characteristics. After consultation with the interviewees, 
four major scenarios were finalised, in the view of reducing emissions at the 
construction stage of buildings. Detailed descriptions of the feedback comments from 
interviewees and the four scenarios are provided in the following section. 
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Table 6.1 Major factors that affect direct emissions at the construction stage identified in literature review 
No Major factor Source Focus in direct 
emissions 
F1 Age of construction equipment (Guggemos and Horvath, 2006, USEPA, 2010) Equipment usage 
F2 High usage hours due to delays in construction (Abolhasani et al., 2008, Frey et al., 2010a) Equipment usage 
F3 Idle time of construction equipment (Abolhasani et al., 2008, Frey et al., 2010a) Equipment usage 
F4 Power/engine capacity of the machine (Guggemos and Horvath, 2006, Guggemos and Horvath, 
2005) 
Equipment usage 
F5 Fuel consumption of construction equipment (Lewis et al., 2011, Frey et al., 2010a, Lewis, 2009) Equipment usage 
F6 Size of the vehicle (AGGA, 2013) Transportation 
F7 Age of transport vehicles (AGGA, 2013) Transportation 
F8 Fuel consumption of transportation vehicles (Beer et al., 2002, Graham et al., 2008, Abolhasani et al., 
2008) 
Transportation 
F9 Transportation distance (Mao et al., 2013, Yan et al., 2010b) Transportation 
F10 Weight of the material transported (Yan et al., 2010a, Han et al.) Transportation 
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The four scenarios suggested by the interviewees involve two major categorisations. 
According to the feedback, the suggestion was to analyse two scenarios each to 
incorporate machine and site characteristics for emissions from equipment usage 
and transportation vehicles, respectively. The four scenarios are named as follows: 
the effect of machine characteristics (SC1), the effect of resource allocation on site 
(SC2), the effect of vehicle characteristics (SC3), and the effect of site-specific 
transportation factors (SC4). Ten factors were identified and then grouped into these 
four scenarios after suitable alternations based on feedbacks from the interviews. 
The grouped factors in the four scenarios are tabulated in Table 6.2.  
Table 6.2 Grouping of factors affecting direct emissions in the defined scenarios 
Factor Scenario Comments/Change 
F1 SC1 Age of the machine can be represented in terms of the total 
usage of the machine. Therefore, F1 represents the cumulative 
(total) usage of the machine from its first operation. 
F2 SC2 High usage hours of construction equipment may be due to 
idling, delays and over-allocation of time for construction 
equipment. These site-specific factors are considered under 
SC2  
F3 SC2 
F4 SC1 Power of the machine was changed to effective power  
F5 SC2 Fuel consumption was changed to actual fuel consumption 
F6 SC3 Three different vehicle sizes were considered for both concrete 
and soil dumping trucks. The fuel consumption of the vehicles 
can also be monitored using this option. The effect of age of 
the vehicle was investigated by changing the total usage of the 
vehicle.  
F7 SC3 
F8 SC3 
F9 SC4 Transportation distance was changed to measure the emission 
variation 
F10 SC3 Weight of the materials also considered in SC 3 when the size 
of the vehicle was changed 
 EFFECT OF RESOURCE PLANNING FOR CONSTRUCTION EQUIPMENT 6.1.2
6.1.2.1 Machine characteristics (SC1) 
This scenario was set up to investigate the effect of machine characteristics on 
emissions. The age and power of the machine are two factors that affect emissions 
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from construction equipment (USEPA, 2010, Sihabuddin and Ariaratnam, 2009). The 
increased age of construction equipment is a function of its deterioration, which 
affects the emission levels (USEPA, 2010). A practical way to represent the age of a 
machine is to estimate its total (cumulative) usage, as the rated power alone is not a 
good indicator of the emissions from construction equipment. Rather, the effective 
power used at site is a more accurate representation of the emissions. Moreover, the 
load factor is a measurement that converts the rated power into the effective power 
of a machine. Engine displacement is a practical representation of the engine 
capacity (Frey et al., 2010a). Therefore, SC1 considers the effect of cumulative 
usage, power, load factor and displacement on emissions from construction 
equipment.  
6.1.2.2 Effect of machine allocation on site (SC2) 
SC2 aimed to explore the influence of site-specific arrangements on emissions from 
construction equipment. For instance, allocating the lowest emission rate machine to 
the highest usage activities can minimise emissions. This option can also be used to 
minimise the idle time of construction equipment. The fuel consumption of 
construction equipment also depends on the type of activity, which is a good 
indicator of GHG emissions (Forsythe and Ding, 2014). However, after the interview 
consultations, this fuel consumption was changed to actual fuel consumption, which 
is the multiplication of average fuel consumption by the load factor of the machine for 
a specific activity.  For example, an excavator’s fuel consumption during excavation 
and loading is different due to the exertion generated in each instance. Therefore, 
SC2 aims to examine the effect of resource allocation and actual fuel consumption of 
construction equipment on emissions. 
 THE EFFECT OF RESOURCE PLANNING FOR TRANSPORTATION 6.1.3
VEHICLES 
6.1.3.1 Vehicle characteristics (SC3) 
Emissions due to material transportation may be heavily dependent on the type of 
transportation vehicle (Yan et al., 2010b). A relatively new vehicle will emit fewer 
emissions compared to an old vehicle due to its lower deterioration. Based on the 
interview comments, the total distance travelled by a vehicle is a good practical 
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measurement of the age of the vehicle. Moreover, the use of a larger truck instead of 
a smaller one can reduce the number of trips to transport the same amount of 
materials, thereby reducing emissions. However, the use of a larger truck may 
increase the fuel consumption, which will ultimately increase the emissions. 
Consequently, SC3 studies the effect of vehicle age, size and fuel consumption on 
emissions. 
6.1.3.2 Effect of site-specific transportation factors (SC4) 
Transportation distance and material types used are site-specific characteristics that 
can affect the emissions from transportation. Longer transportation distances and 
heavier materials transported can cause higher emissions. The higher material 
weights increase the fuel consumption and thereby indirectly increase the emissions 
(Rasdorf et al., 2010).   SC4 studies the effect of transportation distance and the 
weight of vehicle on transportation emissions. 
 CASE STUDY RESULTS 6.1.4
The emissions from equipment usage and transportation measured for the 
foundation construction in the case study are tabulated in Table 6.3 and Table 6.4. 
Table 6.3 indicates that emissions from excavators, cranes and concrete pumps 
have more importance than emissions from equipment usage. Transportation 
emission results obtained from Table 6.4 indicate that concrete and excavated soil 
transportation have equal significance, whereas, emissions from transportation of 
reinforced steel and other material are negligible. However, the transportation 
distances for concrete and soil transportation were not similar. This demonstrates 
that factors like quantity of material, the capacity of vehicles and the transportation 
distance contribute to emissions from transportation.  
Table 6.3 Emissions from construction equipment usage 
ID Machine type 
Emissions   Emission rates  
CO 
(kg) 
NOx 
(kg) 
GHG 
(ton) 
 
CO 
(g/hr) 
NOx 
(g/hr) 
GHG 
(kg/hr) 
E1 Excavator 227 428 82  285 538 103 
E2 Excavator 199 355 77  285 510 111 
E3 Excavator 127 138 49  256 279 98 
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E4 Excavator 48 133 34  141 393 102 
E5 Excavator 1 11 14  4 69 89 
E6 Excavator 41 75 25  138 253 83 
E7 Bulldozer 15 44 74  23 65 110 
E8 Crawler 
crane 44 215 30 
 
147 712 100 
E9 Crawler 
crane 49 250 30 
 
158 799 097 
E10 Crawler 
crane 38 114 29 
 
134 403 102 
E11 Crawler 
crane 19 55 7 
 
219 616 84 
E12 Piling rig 43 125 27  164 474 103 
E13 Piling rig 18 34 15  118 220 100 
E14 Piling rig 13 34 19  69 187 104 
E15 Compactor 3 3 21  7 8 48 
E16 Roller 35 42 22  168 198 105 
E17 Pump truck 442 853 138  331 638 103 
 
Table 6.4 Emissions from material transportation 
Transported material GHG (tons) CO (kgs) NOx (kgs) 
Concrete  277.57 1543.48 1260.04 
Excavated soil 280 1557 1271.08 
Other materials 19.35 107.60 87.84 
 
 RESULTS OF SCENARIO ANALYSIS  6.1.5
6.1.5.1 Effect of variation of equipment age (SC1) 
The correlation coefficients for the emissions versus machine characteristics 
considered for scenario SC1 are shown in Table 6.5. The load factor shows a strong 
relationship with emissions, while power and displacement show moderate 
relationships for all the emissions. CO emissions illustrate the strongest relationship 
for load factor, while NOx emissions appear to have the strongest relationship to the 
power of the machine. Cumulative usage also has a strong relationship with CO 
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emissions, while other pollutant substances show a weak relationship with the 
cumulative usage of the machine. 
Table 6.5 Correlation coefficients between emissions and machine characteristics 
 Power L.F Displacement Cumulative usage 
HC 0.34 0.68 0.18 0.07 
CO 0.29 0.82 0.16 0.78 
NOx 0.38 0.68 0.22 0.09 
PM 0.30 0.74 0.18 0.01 
SO2 0.37 0.68 0.25 0.10 
 
Therefore, it can be concluded that power and load factor should be considered the 
most, while the displacement and cumulative usage of the machine are factors that 
should be the least considered for the minimisation of emissions. However, it is 
advisable to use a relatively new machine (with less cumulative usage) to minimise 
CO emissions, because CO emissions indicate a stronger relationship with the 
cumulative usage of the machine.  
In order to observe the effect of engine power, machines with similar capacity were 
examined. The equipment level analysis highlighted that excavators and crawler 
cranes are responsible for the highest equipment emissions. Therefore, emission 
variations corresponding to these two equipment categories were considered for the 
scenario. E1 and E2 are the excavators with the highest power, and E9 and E11 are 
the crawler cranes with the highest power in the case study. Therefore, the two 
aspects shown in Table 6.6 were considered to investigate the emission variation. 
Table 6.6 Changed aspects considered in scenario SC1 
Machine considered Changed aspect  
E1 and E2 Assume two machines with half the power to 
replace each machine 
E9 and E11 Assume two machines with half the power to 
replace each machine 
 
Table 6.7 illustrates the comparative results for several conditions by the varying 
power and emission technology (tier) of the machines. The results indicate that the 
use of a machine with better emission technology can reduce CO and NOx 
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emissions by 10-40% and 2-8%, respectively. The use of a machine with lower 
power resulted in a maximum emission reduction of 3.8% for CO emissions and 
2.9% for NOx emissions, respectively.  
Table 6.7 Emission variations for scenario SC1 
Aspect Condition in scenario CO 
(kg) 
% 
reduction 
NOx 
(kg) 
% 
reduction 
 Original study 1362.8 - 2908.8 - 
Tier Use all tier 3 machines for 
cranes 
1365.1 - 0.17% 2667.3 8.30% 
Tier Use all tier 4 machines for 
cranes 
1226.2 10.02% 2666.1 8.34% 
Tier Use all tier 2 machines for 
excavators 
1341.9 - 1.53% 3473.2 - 19.4% 
Tier Use all tier 4 machines for 
excavators 
826.08 39.38% 2864.8 1.51% 
Power Replace E1 and E2 1311.1 3.8% 2865.2 1.48% 
Power Replace E9 and E11 1319.2 3.2% 2824.5 2.9% 
6.1.5.2 Effect of machine allocation on site (SC2) 
Several conditions shown in Table 6.8 can be discussed under this scenario. Similar 
to previous scenarios, excavators and cranes were used for the comparative 
analysis in SC2. Condition One discusses the effect of replacing one machine with 
another with a similar capacity (C1). The Second Condition aims to investigate the 
effect of machine usage on emissions variation (C2). It was achieved by allocating 
the highest usage hours for the machines with minimum emission factors. The 
corresponding results are tabulated in Table 6.8.  The results indicate that CO 
emissions are more sensitive to effective allocation of excavators, while NOx 
emissions are more affected by effective allocation of cranes. The observations also 
show that resource use allocation is a case study-specific condition, which varies 
according to the conditions of the study. Therefore, it is important to identify the 
focus of emission reduction prior to obtaining the desired results.  
Table 6.8 Emissions variation for scenario SC2 
Condition Focus Changed Emissions % variation  
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variable CO 
(kgs) 
NOx 
(kgs) 
GHG 
(Mt) 
CO NOx GHG 
Original - - 1362.8 2908.8 695.5 - - - 
C1  Excavators E1, E6 1338.7 2904.3 692.3 -1.8% -0.2% -0.5% 
C2  Excavators E1, E4 & E6 1317.5 2902.9 690.5 -3.3% -0.2% 0.3% 
C1 Excavator E4 with E6 1310.4 2849.8 655.0 -3.9% -2.0% -5.1% 
C1 Excavator E3 with E6 1303.7 2896.7 687.8 -4.3% -0.4% 4.7% 
C1 Cranes E8, E9 1360.6 2855.2 694.6 -0.2% -1.8% 1.0% 
C2  Cranes E8, E9, E10, 
E11 
1358.6 2825.4 696.6 -0.3% -2.9% 0.3% 
C1 Cranes E9 with E8 1356.4 2807.4 694.8 -0.5% -3.5% -0.3% 
C1 Cranes E10 with E8 1365.8 2986.2 695.3 0.2% 2.7% 0.1% 
6.1.5.3 Effect of vehicle characteristics (SC3) 
A correlation analysis was conducted to investigate the effect of vehicle 
characteristics on transportation emissions. Table 6.9 illustrates that age and size of 
the vehicle have strong positive relationships with non-GHG emissions, while fuel 
consumption has a strong relationship to the fuel consumption of the vehicle. Of non-
GHG emissions, CO emissions have the strongest relationship with the size of the 
vehicle, while others have moderate relationships.  
Table 6.9 Correlation coefficients for transportation emissions and vehicle characteristics 
 Age Size Fuel consumption 
GHG 0.16 0.28 0.74 
CO 0.63 0.86 -0.18 
NOx 0.65 0.68 0.01 
NMVOC 0.51 0.42 -0.23 
 
The results in Table 6.9 were further investigated using the concrete truck and soil 
dumping trucks used in the case study. Trucks of different sizes were considered for 
the comparison analysis; however, the analysis did not consider the actual progress 
and the site restrictions. In the case study, medium-sized trucks were used for 
concrete transportation and soil dumping. For the first comparative analysis, a larger 
(Case 1) and smaller (Case 2) concrete truck was used to check the variation of 
emissions due to transportation. Table 6.10 summarises the characteristics of the 
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concrete trucks used for the comparative analysis. Smaller and larger trucks were 
assumed to carry half and twice the amount of concrete transported by the medium 
truck, respectively. 
Table 6.10 Concrete truck characteristics used for the comparative analysis 
Characteristics  Case 
study 
Case 1 – larger 
truck 
Case 2 – smaller 
truck 
Quantity of concrete transported 
(m3) 3.38 
6.8 1.7 
Empty weight of concrete truck 
(tons) 13.61 
11.2 6 
Total weight of the truck (tons) 22.5 27.5  10 
One way distance (km) 20 20  20 
Fuel consumption (kilolitre/100 km) 0.028 0.036 0.020 
 
Figure 6.1 highlights the emission variation for different truck capacities. The results 
of the comparative analysis indicate that using a larger truck reduces GHG 
emissions by 15.82%, whereas using a smaller truck reduces GHG emissions by 
4.44%. However, the use of larger truck recorded a reduction of around 6% for CO 
and NOX emissions, whereas, a smaller truck resulted in an increase of around 85%. 
This is because non-GHG emissions do not depend on fuel consumption and as a 
result, a larger number of trips increase non-GHG emissions considerably, even 
though the weight of the vehicle is reduced.  This comparison was performed on the 
assumption that there was no delay or waiting time and enough site space was 
available for the concrete trucks.  
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Figure 6.1 Comparison of transportation emissions for various concrete trucks 
The next option was to check the emissions variation by varying the capacity of soil 
dumping trucks. The case study used a medium-sized soil dumping truck. Two 
options, one truck with a higher capacity (Case 3) and another truck with an extra 
trailer (Case 4), were used instead of the soil dumping trucks usually used at 
construction sites. The capacity of the larger truck was one and a half times that of 
the truck used in the case study and the capacity of the trailer was similar to that of 
the truck used in the case study. The results are shown in Figure 6.2. A reduction of 
39.46% and 33.38% of GHG emissions was obtained for Cases 3 and 4, 
respectively. Similarly, CO and NOx emission reductions of around 30% and 27% 
were obtained for Cases 3 and 4. However, this option is only viable for cases where 
enough site access is available. 
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Figure 6.2 Comparison of transportation emissions for various soil dump trucks 
The total distance travelled for a vehicle (in km) is a good indicator of its age and 
usage (Frey et al., 2008b). It is also a practical representation of the deterioration of 
the vehicle. Therefore, the total usage of the vehicle was changed from 1000 to 
200,000 km to examine the effect of age of the vehicle on emission variation. The 
case study used a concrete truck with 80,000 km and a 65,000 km soil dump truck. 
The corresponding results are shown in Table 6.11. CO and NOx emissions recorded 
an average increase of emissions of around 3.05% to 3.89% for a vehicle usage 
increase from 1000 km to 200000 km.  The GHG emission variation recorded was 
negligible in relation to the age of the transportation vehicle. 
Table 6.11 Normalised impact variations based on vehicle usage 
Emission 
Vehicle usage variations (in km) 
1000 200000 1000 
GHG (Mt) 679.8 682.3 0.37% 
CO (kg) 3088.3 3185.7 3.05% 
NOx (kg) 2581.6 2682.2 3.89% 
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6.1.5.4 Effect of site-specific transportation factors (SC4) 
Distance travelled by a vehicle is a site-specific factor that affects the emissions due 
to transportation. It is evident that higher transportation distance will result in greater 
emissions due to increased fuel combustion. However, in Scenario 4 (SC4) the 
variation of environmental impacts with varying transportation distances of 5 km and 
75 km was considered for the sensitivity analysis. The resulting impact variations are 
shown in Table 6.12. The results indicate that GWP, POFP and HTP have a 
moderate relationship with the transport distance, while AP and EP show high 
sensitivity to transportation distance. 
Table 6.12 Normalised Impact variations for different transportation distances 
Impact category at 
global level 
Transportation distance and variations 
Original 5km Variation 
% 
75km variation 
% 
GWP 1.12 E01 9.9456 -11.28% 11.96 +6.81% 
AP 5.09 E-02 3.82 E-02 -24.92% 7.54 E-02 +14.82% 
EP 1.69 E-02 1.25 E-02 -26.03% 1.95 E-02 +15.23% 
POFP 1.58 E-01 1.38 E-01 -12.65% 1.72 E-01 +9.12% 
HTP 4.54 E-03 3.64 E-03 -19.82% 4.99 E-03 +10.01% 
 RESULTS SUMMARY AND DEVELOPMENT OF SELECTION PROCESS 6.1.6
The results obtained from the comparative analysis indicated that each scenario is 
effective under different conditions for the minimization of direct emissions at the 
construction stage. For instance, a large concrete truck is preferred for minimising 
emissions from transportation. Therefore, these case study results could be 
effectively used to develop a selection process which would enable users to identify 
the best possible method of minimizing direct emissions at the foundation 
construction stage. Figure 6.4 illustrates the major steps in the process of minimising 
direct emissions at the foundation construction stage.  
The case study results concluded that the use of larger concrete and soil dumping 
trucks can reduce transportation emissions. However, employing a larger truck may 
involve site access issues and budget constraints. Moreover, larger concrete trucks 
may involve waiting time, which could affect the construction process. Therefore, the 
selection of the ideal truck size to minimise emissions is subjected to several 
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constraints. Therefore, a procedure provided in the flowchart shown in Figure 6.4 
can be effectively used to reduce emissions due to transportation. A similar selection 
process can be adopted to minimize emissions from transportation. 
In the case of equipment usage, the use of machine with lower fuel consumption is 
the best solution to minimise GHG emissions. For instance, an excavator with a 
power of 365 kW and fuel consumption of 15 l/hr should be preferred over an 
excavator with 360 kW and 12 l/hr to minimize GHG emissions. To achieve this, 
machines with similar capacity should be categorised to examine the fuel 
consumption of equipment. Subsequently, machines with lower fuel consumption 
can be assigned more usage hours to minimise GHG emissions. If fuel consumption 
of all the equipment is high, they can be replaced with machines with lower fuel 
consumption to minimise GHG emissions. The power of the machine is a major 
factor affecting non-GHG emissions. Therefore, it is recommended to use the 
machine with the least power, wherever possible. However, it is also advisable to 
check whether the equipment with selected minimum power is capable of performing 
the required work. If there is no possibility to adopt a machine with lower power, 
effective resource allocation should be executed to assign more usage hours to the 
machine with a lower emission rate to minimise non-GHG emissions. 
The major limitation of the proposed selection process is that it cannot be 
implemented as a generic procedure, as it is based on case study-specific results. 
However, the conduct of an in-depth emission analysis at the construction stage of 
buildings for several case studies enabled the application of the selection process. 
6.2 THE EFFECT OF USING SUSTAINABLE MATERIALS ON EMISSIONS 
The scenarios investigated the emission variation due to various material selection 
options. Five scenarios as shown below were conducted to represent the various 
material optimisation options. Only concrete and steel were considered for the 
scenario analysis as they are the major materials used at construction sites. 
 Option 1 (SM 1) – Use of Recycled concrete – This option investigated the 
emission variations due to the use of recycled coarse aggregate in concrete; 
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 Option 2 (SM 2) – Use of recycled steel – This option aimed to investigate 
the emission variations due to the use of recycled steel; 
 Option 3 (SM3) – Use of low-carbon materials – This option considered the 
effect of adopting low-carbon materials on emissions; 
 Option 4 (SM4)- Recycling concrete waste at site -  This option aimed to 
examine the recycling of concrete waste on minimising emissions; and 
 Option 5 (SM5) – Recycling steel waste at site -   This option considered 
the recycling of steel waste to minimise emissions.  
The following equations were derived from the models in the preceding chapters to 
determine the change in emissions for different material options. The determination 
of the emission reduction following the adoption of recycled materials (for SM1 and 
SM 2) can be calculated using the following equation:  
iiii,fi,m p•)w+1(•m•e=EΔ  6.1 
where, ef,i is the emission factor for the material i in kg-CO2/kg, mi is the i
th material 
quantity in kgs, wi is the waste factor for material i and pi is the percentage of 
material variation given in Table 6.13.  
The emission variation from adopting low carbon material (SM3) is given by the 
following equation: 
)λ+1(•m•e-)λ+1(•)m+m(e=EΔ rr,frvv,fi,m  6.2 
where, mv mr are the quantities of virgin and low carbon materials used in kgs 
respectively, and ef,v and ef,r are the emission factors for the virgin material and low 
carbon material, respectively.  
Emission variation brought about by recycling construction waste (SM 4) can be 
determined from the following equation: 
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ii,fiii,m β•e•w•m=EΔ  6.3 
where, βi is the percentage of construction waste that is recycled. The percentage 
variations of material quantities for each scenario considered are shown in Table 
6.13.  
Table 6.13 Percentage variation considered for different scenarios 
Scenario Percentage Reference 
SM 1 5-10% (Xing et al., 2008) 
SM 2 15-40% (Xing et al., 2008) 
SM 3 15-50% (Hammond and Jones, 2008b) 
SM 4 80% Adopted from case study C 
SM 5 45% Adopted from case study C 
 
The probability distribution functions (PDFs) for material usage and emission factors 
were derived from different research studies prior to conducting a Monte-Carlo 
simulation (2012), as shown in Table 6.14. The PDFs were selected based on the 
significance according to the Kolmogorov-Smirnov test and the Anderson-Darling 
test.    
Table 6.14 PDFs for material usage and emission factors 
Material Mass per construction 
floor area (kg/m2) 
Type of PDF Emission factor 
(kgCO2/kg) 
Type of PDF 
Concrete 0.7-1.6 Normal 0.045-0.06 Uniform 
Steel 2.0-7.1 Weibull 0.12-0.80 Weibull 
 
The resulting emission variations for the five scenarios are shown in Figure 6.3. The 
extreme left and right values represent the 5th and 95th percentile values for the 
simulation. The use of recycled materials demonstrates the highest reduction of 
emissions, with 14.33% and 12.33% emission reductions for steel and concrete, 
respectively. The use of low-carbon materials also shows an emission reduction of 
12.07%. The lowest emission reduction was obtained for recycling construction 
waste, with values of 2.7% and 4.38% for concrete and steel, respectively. However, 
the issue of landfilling can be effectively addressed in these scenarios. Moreover, the 
minimum change in emission reduction was recorded for SM 4 and SM 5. Therefore, 
these two scenarios cannot be ignored. 
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Figure 6.3 Emission variations for the scenarios 
The selection of the best scenario also depends upon the availability of the option, 
the effectiveness in implementation and its efficiency. 
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Figure 6.4 Selection processes for minimising direct emissions in foundation construction stage based on case study results 
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6.3 THE EFFECT OF ADOPTING DIFFERENT CONSTRUCTION TECHNIQUES 
 CASE STUDY DETAILS 6.3.1
Case Study A and B were similar-scale residential buildings, with Case Study A 
using pre-fabrication while Case Study B adopting conventional construction. 
Therefore, this compares the effects of emission variation due to the adoption of pre-
fabrication techniques in construction. 
 GHG EMISSIONS COMPARISON 6.3.2
The resulting GHG emissions for both the case studies are tabulated in Table 6.15. 
The comparative results indicate that the emission contribution due to transportation 
(E2, E3 and E4) is slightly higher for Case Study A (12.45%) compared to Case 
Study B (11.83%). The emission reduction contribution due to waste transportation 
remains insignificant. The results also show that embodied emissions from materials 
govern the total GHG emissions, with an emission percentage of over 82% for both 
case studies. The total emission reduction percentage (the sum of the final column in 
Table 6.15) counterbalances the emission increase due to prefabricated material 
transportation (16.5%), which gives a total GHG emission reduction of 1.7%.  
Table 6.15 GHG emissions comparison for the two case studies 
Sourc
e 
Case study A (tons) Case study B 
(tons) 
Emission 
reduction 
GHG % 
reduction 
Pre-
fab 
In-situ Total  % Total  % 
B-A proportion 
E1 1,322.7 15,902.4 17,225.1 82.8 17498.1 82.34 272.9 62.3 1.6 
E2 127.9 1858.2 1,896.3 9.11 2015.0 9.48 118.7 27.1 5.9 
E3 37.8 439.6 489.6 2.35 499.2 2.35 9.6 2.2 1.9 
E4 72.3 - 72.3 0.35 - - -72.3 -16.5 -16.5 
E5 70.2 1,085. 1,128.4 5.42 1237.8 5.82 82.6 25.0 8.8 
Total 1630.9 19,180.2 20,811.4 100 21,250.1 100 438.5 100 1.7 
 
 NON-GHG EMISSIONS COMPARISON 6.3.3
The resulting emissions shown in Figure 6.5 indicate that CO and NOx emissions 
dominate the non-GHG emissions, while HC, PM and SO2 are comparatively 
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negligible. It is also noted that non-GHG emissions are higher for Case Study A 
(semi-prefabrication) than Case Study B (conventional). This is due to the increased 
transportation (32 km compared to 15 km) for pre-fabricated component 
transportation. However, these non-GHG emissions are significantly less than GHG 
emissions. Therefore, it is important to evaluate the impacts to highlight the 
significance of non-GHG emissions. For the current comparative study, this 
significance was examined based on two aspects. One aspect was to check the total 
impact variation at global, regional and local level, to identify the significance of non-
GHG emissions. The other aspect was to check the impact of emission increase due 
to pre-fabricated material transportation at global, regional and local level. The 
following section discusses the impact assessment results. 
 
 
Figure 6.5 Direct non-GHG emissions for both the case studies 
 IMPACT ASSESSMENT RESULTS 6.3.4
The normalised potential impacts (Pi/N) for both the case studies are shown in Table 
6.16. To identify the relative significance of impacts, these potential impacts were 
multiplied by the weighting factors, shown in Table 6.16. The average relative 
importance of the impacts from the overall, global, regional and local perspective is 
shown in Figure 6.6. The average potential impacts were calculated by obtaining the 
average of potential impacts for both the case studies. The overall perspective 
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considers the relative importance of impacts without considering any specific 
geographic location, while the other three perspectives apply global, regional and 
local weighting factors to determine relative impacts. The resulting indices highlight 
that GWP 100 is the governing impact category for the four perspectives. However, 
this overwhelming relative importance of GWP (86.78%) is significantly reduced to 
52% at regional and local level, with relatively higher contributions from EP (21.74%) 
and POFP (27.14%) impacts. This indicates that non-GHG emissions, such as CO, 
NOx, SO2 and NMVOC, are significant at regional and local level. Therefore, at the 
short-term level, these non-GHG emissions should also be given the same 
importance as GHG emissions. 
Table 6.16 Normalised potential impacts (Pi/N) for the two case studies 
Impact 
Normalisation 
factors (N) 
Case study A Case study B 
(Pi) Pi/N (Pi) Pi/N 
GWP 621,000,000,000 20,927,582.61 3.3E-05 21,249,097.8 3.42E-05 
AP 2,670,000,000 7,868.33 2.95E-06 7,764.7 2.96E-06 
EP 416,000,000 1,939.21 4.66E-06 1,910.6 4.59E-06 
POFP 1,610,000,000 12,134.65 7.54E-06 5576.5 3.46E-06 
HTP 69,600,000,000 22,341.9 3.21E-07 17,935.45 2.58E-07 
 
Figure 6.6 Average relative importance of impacts for both case studies 
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The next option was to compare the relative importance of impacts for both the case 
studies separately to identify the effect of increased emissions due to pre-fabricated 
component transportation. The corresponding results are shown in Figure 6.7. The 
HTP impact category was not considered, due to its negligible significance for all the 
perspectives. 
 
Figure 6.7 GWP variation at different levels for case studies A and B 
 
Figure 6.8 EP variation at different levels for case studies A and B 
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Figure 6.9 AP variation at different levels for case studies A and B 
 
Figure 6.10 POFP variation at different levels for case studies A and B 
These results demonstrate that the relative importance of GWP, AP and EP impacts 
is comparatively greater for Case Study B (conventional) than Case Study A (semi-
prefabrication). However, for POFP, the relative impact importance for all the three 
perspectives is high for Case Study A. HC, CO, SO2 and NMVOC contribute to the 
POFP impact. This observation shows that non-GHG emissions due to 
transportation are very significant for Case Study A. Moreover, the difference of 
relative importance in Case Study A and B for POFP impact is increased from the 
global to the local perspective. This observation implies that the adoption of pre-
fabrication may have relatively high POFP impacts at local and regional level. 
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0.00%
1.00%
2.00%
3.00%
4.00%
5.00%
6.00%
7.00%
8.00%
9.00%
10.00%
Global Local Regional
A
P
 v
a
ri
a
ti
o
n
 
0.00%
5.00%
10.00%
15.00%
20.00%
25.00%
30.00%
35.00%
40.00%
Global Local Regional
P
O
F
P
 v
a
ri
a
ti
o
n
 
224 
 
from global to regional and local perspectives. Therefore, the adoption of pre-
fabrication methods has less impact on GWP, AP and POFP from a regional and 
local perspective.   
 SUMMARY  6.3.5
A total GHG emission distribution of 82.8%, 11.8% and 5.4% was observed in Case 
Study A for embodied emissions from materials, emissions from transportation and 
equipment usage, respectively. For Case Study B, this distribution was recorded as 
82.3%, 11.8% and 5.8% for embodied emissions from materials, emissions from 
transportation and equipment usage, respectively. It was also observed that a GHG 
emission reduction of 1.7% can be obtained by adopting pre-fabrication during the 
construction stage. CO and NOx emissions are significant for non-GHG emissions. 
These non-GHG emissions are higher for Case Study A due to the increase of pre-
fabricated component transportation.  
The impact assessment results showed that GWP 100 remained the highest impact 
category for all the three perspectives. The overpowering GWP contribution of 
around 86% is reduced to around 52% at regional and local levels with relatively high 
contributions from POFP and EP. This observation also highlights that non-GHG 
emissions, such as CO, SO2 and NMVOC, are significant at regional and local level. 
Moreover, the relative impact difference for POFP between Case Study A and B is 
increased at regional and local levels. This also indicates that direct non-GHG 
emissions are significant at regional and local levels. However, this difference 
remained insignificant for other impact categories. Therefore, it can be concluded 
that the adoption of pre-fabrication can reduce GHG emissions at the construction 
stage of buildings. However, in doing so, effective resource planning and allocation 
should be executed to minimise non-GHG emissions due to the effects of increased 
transportation.   
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7. EMISSION CALCULATION TOOLKIT DEVELOPMENT 
7.1 EXISTING EMISSION CALCULATION TOOLS 
Several studies have made attempts to develop tools which are able to assess 
emissions from various products and processes. Brown et al. (2010)developed a 
calculation tool for estimating GHG emissions for bio solids processing. The tool was 
developed for Canadian council of ministers of the environment to assess GHG 
emissions from bio solids management. Bio solid management was categorised into 
solids processing and stabilization, and end use and disposal for GHG emission 
calculations. These emissions were represented as a function of material used. 
Another study developed a farm-focused calculator for calculating emissions from 
crop and livestock production (Hillier et al., 2011). The developed “Cool Farm Tool” 
has integrated several empirical models to calculate GHG emissions.   
In construction industry, only a handful of studies have made attempts to develop 
emission tools for assessment of emissions during construction. Sihabuddin and 
Ariaratnam (2009) developed an emission calculator tool for calculating emissions in 
underground utility operations. It is developed in Microsoft Excel using Visual Basic 
coding. The tool has the ability to calculate emissions from equipment and transport 
vehicles separately. In another study, Guggemos and Horvath developed decision-
support tool for estimating environmental emissions from commercial building 
construction (Guggemos and Horvath, 2006). The toolkit has the capacity to 
compare emissions by varying the equipment age and size; however, the toolkit 
lacks the capacity to evaluate emissions from a specific activity. The review on 
existing emission calculation tools concludes that a comprehensive, yet a simple 
toolkit, is still in demand for the contractors and designers to estimate and compare 
emissions at construction stage. 
7.2 PURPOSE 
The emission and impact analysis in the preceding chapter highlighted the 
importance of an in-depth analysis of emissions at the construction stage of 
buildings. However, the existing mathematical tools available to estimate the 
emissions at the construction stage are associated with the following limitations and 
gaps: 
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 Most of the commercially available LCA software either lack inventory on 
emissions at the construction stage or involve complex modelling steps; 
 The previously developed tools lack the potential to compare and analyse 
emissions at various construction activities which could be important for 
designers and contractors in better planning; and 
 Designers and contractors seek the importance of comparing the emission 
levels at different construction stages to identify the most critical area of 
focuses in reducing emissions. 
Based on the above identified limitations a toolkit was proposed to achieve the 
following objectives: 
 To compare and analyse emissions from different emission sources at the 
construction stage of buildings; 
 To compare emissions at different emission sources across different 
construction projects; 
 To estimate and compare emissions at different construction activities; 
 To calculate the impact levels of emissions at the construction stage at 
different geographical locations; and 
 To identify direct emissions reduction options by performing sensitivity 
analyses.  
The toolkit was initially developed in excel based templates using Macros and visual 
basics (VB) programming. Consequently, the tool was further developed into a web 
based toolkit once the efficiency of the functions and calculations of the models were 
verified. 
7.3 SCOPE, ASSUMPTIONS AND LIMITATIONS 
The toolkit development is subjected several assumptions and limitations. 
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 ASSUMPTIONS  7.3.1
The development of the toolkit comprehends the following assumptions and 
limitations. 
 Apart from the data validation checks it is assumed that users input accurate 
information on the construction project 
 The toolkit does not consider emission variation due to change in topography 
and temperature 
  The toolkit results are best suitable for comparison of emissions from two 
construction projects or methods 
 User is advised to use regional developed emission profiles for construction 
materials if applicable (default is ICE database) 
 SYSTEM BOUNDARY  7.3.2
The purpose of the toolkit is to comprehensively analyse the emissions at 
construction phase. Therefore, all the emission sources at construction phase are 
included for the toolkit. The next step was to decide the emission elements from the 
selected emission sources. The system boundary for the toolkit corresponds to the 
system boundary defined in the chapter 3: research methodology. 
7.4 DEVELOPMENT OF A FRAMEWORK FOR THE TOOLKIT  
Development of the toolkit is based on two key considerations. The first step was to 
identify the key areas of focus in development of the toolkit. Three important factors 
had to be taken into consideration when deciding these inputs. Firstly, the inputs 
should not be complicated and secondly it should be user friendly and finally the 
inputs should make a comprehensive analysis. The second step was to define the 
workflow of the toolkit. This was a major step in the development process as it 
includes the design of system specific data and inputs steps to deliver the desired 
outputs in a simplified manner.  
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7.5 IDENTIFY THE AREAS OF FOCUSES 
The initial stage of the study is to identify the major areas of focuses to concentrate 
when reducing emissions at the construction stage of buildings. The emission 
sources at the construction stage consist of materials, equipment usage, 
transportation and electricity usage (Mao et al., 2013). These emission sources can 
be further divided into direct and indirect emissions based on the mode of emissions. 
Emissions due to equipment usage and transportation are classified as direction 
emissions which are results of combustion of fuel consumed. Embodied emissions 
from materials and emissions from electricity usage are classified as indirect 
emissions as these emissions are predominantly from upstream stages of the 
product life cycle.  The direct emissions and emissions due to electricity usage are 
contractor’s concern while the embodied emission is the designer’s concern. 
Therefore, the proposed framework should be able to address all the emission 
sources mentioned above.  
Contractors should be able to identify the emission patterns, usage hours and critical 
activities of machines and equipment when trying to minimise direct emissions from 
equipment. Similarly, it is required to examine the transport patterns of vehicles and 
critical activities with significant contribution to optimise transportation emissions.  
Figure 7.1 exemplifies the level of analysis required to identify, compare and 
minimise direct emissions at the construction stage. Similarly, usage quantities are 
required for estimating indirect emissions from materials and electricity.  Material 
emissions can be analysed by categorising them into temporary and permanent 
material emissions. The control of temporary materials is mainly important for 
contractors, while the permanent material optimisation is mainly a designer’s 
responsibility to reduce emissions. Emissions from electricity usage are mainly due 
to electric equipment usage and electricity used at construction site office. Therefore, 
these emission focuses should be included in the definition of scope and system 
boundary for the decision making tool.  
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Figure 7.1 Focus required in minimising direct emissions at the construction stage 
7.6 WORKFLOW OF THE TOOLKIT 
Designing the workflow of the toolkit is the final stage of development of the 
framework for the toolkit. All the concluded analysis options, inventories, inputs and 
scope of the analysis should be designed in such a way to achieve a better flow for 
the users of the toolkit. In order to achieve systematic flow, the working functions are 
divided into five major steps. Figure 7.9 illustrates the working flow chart for the 
toolkit with the entire user specific inputs. 
STEP 1 – In step one the user can input general project details under the 
default project ID generated by the toolkit. The user can load the previously 
saved project details based on this project ID created.  
Step 1a) Scope of the analysis – The user has the option of considering either 
foundation, building structure, finishing works or the whole building construction for 
the emission study. 
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Step 1b) Project information – General project information such as building use, 
height and location of the building, number of floors and credit criteria are requested 
from the user. Credit criteria are a selection to identify the building project as green 
or conventional type.  This information is later utilised in the comparative analysis. 
Step 1c) Building information – In this step, building specific information such as 
construction type, total floor area, plan area, contractor name, foundation and 
structure construction type and soil type are requested from the user. Contractor 
name is an optional input and the others are compulsory inputs which can be easily 
obtained from the project staff. Figure 7.2 signifies the input page for the general 
building information in the web based toolkit.  
STEP 2 – Data input stage 
Step 2a) Material details – Material details can be entered by selecting a material 
from the material inventory in the toolkit. Subsequently, the amount of materials used 
can be entered in kgs. If a specific material is not available the user can create a 
new material to enter a material profile. The following material details should be 
entered to create a new material profile. 
 Material type and category 
 Embodied carbon coefficient ( kgCO2-e/kg) 
 Embodied energy coefficient ( MJ/kg) 
The embodied energy coefficient and the carbon coefficient can be loaded from the 
already developed inventories or else a user specific value can be entered for unique 
material. A small description is encouraged to enter when creating a new material 
profile to differentiate similar materials with different material, physical or emission 
properties 
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Figure 7.2 “General project details” input page 
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Step 2b) Machine and equipment details – Machine and equipment details are 
divided into petroleum fuel operated machines and electricity operated machines. 
Data input sequence for petroleum fuel operated machines are shown in Figure 7.3. 
The toolkit involves an in-built database of machines which can be filtered based on 
its unique model number. If a similar machine exists in the toolkit database the user 
can select the corresponding machines otherwise a new machine profile should be 
created in the ‘Equipment Inventory’ as shown in Figure 7.4. The following machine 
specific details are required for a complete machine data entry. All machine specific 
information is required to calculate emissions from construction machines and 
equipment: 
 Type of machine (select one type from the drop down available) 
 Model number of the machine (model number can be obtained from the user 
manual of the machine) 
 Power of the machine in horse power (hp) or kilo Watts (kW)  
 Cumulative hours of usage ( totals hours of operation from start) 
 Total expected or completed operational hours ( total usage hours in the 
current project) 
 Technology type of the machine ( emission standard can be obtained from the 
user manual of the machine) 
 Average fuel consumption of the machine ( in Litres per hour) 
Once these details are entered, the toolkit will calculate a unique emission factor for 
every machine based on its machine characteristics. Moreover it will also calculate 
the corresponding emission factors for all the emission substances considered (HC, 
CO, NOx, SO2, CO2 and PM). These emission factors and the corresponding 
machine characteristics are sorted based on the model number of the machine. 
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Figure 7.3 Data entry sequence for petroleum fuel operated construction equipment 
Subsequently, information on electric equipment used should be entered in the 
template as shown in Figure 7.5. The following details should be entered accurately 
to achieve effective results. 
  Name – This implies the equipment type. For example; ‘tower crane’ 
 State and territory – It corresponds to the state in Australia where the 
electricity is consumed by the equipment which can be selected from 
dropdown menu 
 Power – It is the power of the equipment in kW 
 Total Usage – Total hours of operation of the equipment considered 
 Load factor – This corresponds to the efficiency of the equipment in 
percentage 
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 Construction stage – This implies the stage of construction where the 
equipment is mainly used. The suitable construction stage can be chosen 
from options available in a dropdown selection. The input is used to analyse 
emissions at different construction stages.  
 
Figure 7.4 Profile for new machine entry 
 
Figure 7.5 Data entry option for electric equipment 
Step 2b) Transportation details – After including all the machine details the user is 
required to enter transportation details of the construction project. The following 
vehicle specific details should be entered into the toolkit database. 
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 Model year of the vehicle 
 Type of vehicle ( heavy or medium) 
 Cumulative usage of the vehicle ( total km’s the vehicle have travelled so far) 
 Fuel type of the vehicle ( select from a dropdown menu in) 
 Average fuel consumption of the vehicle ( in L/km) 
 Total distance (expected or completed) travelled by the vehicle during the 
project duration 
 Construction stage  
 Transported material – This implies to the material amount transported by the 
vehicle. The material name can be loaded from the   
Once these details are entered the system will calculate emission factor for every 
emission substance of the vehicles used in the project. 
STEP 3 – Activity level details 
Step 3 a) Activity details – All the activities corresponding to the construction stage 
of the project should be entered in this step. This information can be easily obtained 
from the project timeline. Name and duration of each activity as shown in Figure 7.6 
should be entered along with the corresponding construction stage. The entered 
information will be saved under unique ID for effective comparison and analysis. The 
information on construction stage will provide an option to analyse activity emissions 
at different construction stages. 
Step 3 b) Assign input data to activities – Equipment, materials and transportation 
data entered in the “input data” section should be assigned into the activities in the 
previous step. Information on equipment usages, material consumption and 
transportation vehicles used on each activity can be obtained from daily receiving 
logs and progress reports. 
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Figure 7.6 Activity input page 
Step 3 c) Add quantities – Add quantities to the assigned materials and machines 
for each activity introduced in the previous step. Input data validation check can be 
performed at this stage as shown in Figure 7.7.  
Once the required information is entered, the toolkit will calculate the emission rates 
for materials in g/kg, for equipment in g/hr and for transportation vehicles in g/km. 
When assigning machines to activities in Step 3b, the toolkit will suggest selecting 
the equipment or vehicle with the minimum emission rate wherever possible. At this 
stage the user is given the option to choose the combination suggested by the toolkit 
or the option according to the user’s preference. 
STEP 4 – Analysis Stage 
Step 4 a) Select the required analysis options – This step enables the users to 
select the required analysis options. At this step the user is given the option to 
compare emissions at project level, at activity level, at equipment level and between 
two different construction techniques. 
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Figure 7.7 Input data validation at activity level 
Step 4 b) Comparison required – This step is required if the user intends to 
compare the current emissions with another construction project of similar kind. 
STEP 5 – Interpretation Stage 
Step 5 a) Results interpretation – The obtained results are then directed towards 
impact categories by introducing characterising, normalisation and weighting factors. 
Five major impact categories, Global warming potential (GWP), Acidification 
potential (AP), Eutrophication potential (EP), Photochemical Oxidant formation 
potential (POFP) and Human Toxicity potential (HTP) are used in the analysis. The 
weighting factors are developed to understand the significance of the impact 
categories based on three perspectives, global, regional and local level. These 
perspectives represent different geographic levels and the significance of emissions 
at construction on the three levels will be compared.  
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Figure 7.8 A general layout of the calculation flow of the toolkit 
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Figure 7.9 Working flow of the toolkit 
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7.7 OUTPUTS OF THE DEVELOPED TOOLKIT 
The developed toolkit is able to generate emission results of a construction project 
from six aspects. The following sections discuss the outputs of the toolkit in detail. 
 EMISSION RESULTS AT PROJECT LEVEL 7.7.1
The emission results at project level have the ability to identify significant emission 
sources of a construction project. It also provides the option of identifying the 
emission contribution of each pollutant substance at different emissions sources in a 
construction project. The project level results are the initial step towards identifying 
the options of an in-depth emission analysis.  Figure 7.10 shows the output page of 
the project level emissions.  
 
Figure 7.10 Project level emissions output page 
 EMISSION COMPARISON OF TWO PROJECTS 7.7.2
The toolkit is able to compare emissions of two projects. This comparison can be 
performed for different construction projects, construction stages and emission 
sources. A mutual comparison of emissions at different stages and emission sources 
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for two construction projects will be beneficial for contractors to identify the critical 
stages of construction that requires attention on reducing emissions.  
 EMISSION RESULTS AT EQUIPMENT LEVEL 7.7.3
The equipment level emissions analysis is a unique output option in the toolkit that 
enables the users to compare total emissions and emission rates of all the 
construction equipment used at site. Figure 7.11 illustrates the output options for 
diesel equipment emissions used at the construction stage. 
Emission analysis at 
equipment level
Total emissions for each 
construction machine
Pollutant subtance
HC (kg)
Equipment with maximum emissions for 
each pollutant substance
Emission rates for each 
construction machine
CO (kg)
NOX (kg)
PM (kg)
SO2 (kg)
GHG (tons)
Equipment with minimum emissions for 
each pollutant substance
Pollutant subtance
HC (g/hr)
Equipment with maximum emission rate 
for each pollutant substance
CO (g/hr)
NOX (g/hr)
PM (g/hr)
SO2 (g/hr)
GHG (kg/hr)
Equipment with minimum emission rate for 
each pollutant substance
 
Figure 7.11 Output options for equipment emissions 
The emissions from construction equipment can be compared based on two major 
aspects. Initially, it offers total emissions for each pollutant substance from 
respective construction machine considered which provides an option to compare 
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machines with maximum and minimum emissions for each pollutant substance. 
However, total emissions are not an accurate representation emission pattern of the 
equipment used. For instance, machines with higher usage hours and low emission 
rates may express higher emissions than a machine with low usage hours and high 
emission rates. Therefore, apart from total emissions it is important to distinguish the 
emission rates of each pollutant substance to identify the machines with critical 
emission patterns. The emission rate comparison option in the output is section is a 
good prospect to investigate the same.  
 EMISSION RESULTS AT ACTIVITY LEVEL 7.7.4
The output at activity level emissions provides emissions of respective activities at 
the construction project. Comparison of emissions at different activities will aid the 
users to compare activity emissions and identify activities with high emissions for 
each pollutant substance considered.   
 IMPACT ASSESSMENT RESULTS 7.7.5
The toolkit converts the calculated emissions in terms of five major potential 
environmental impacts. The significance of these impacts is presented at global, 
regional and local levels for users to identify the shorter and longer environmental 
impacts of construction. The tabular and graphical representation of these impact 
assessment results will also enable users’ easy analysis and comparison of impacts 
at different levels considered (refer Appendix D for more details). 
7.8 VERIFICATION OF THE TOOLKIT 
 VERIFICATION OF TOOLKIT CALCULATIONS AND FUNCTIONS 7.8.1
Validations of toolkit functions and calculations are achieved by cross-verification of 
results using manual calculations and toolkit calculations and using previous studies 
results to demonstrate the validity of the working functions in the toolkit. 
The input data corresponding to the foundation construction in Case Study C was 
entered into the toolkit to obtain the output results. These output results were then 
compared with manually calculated results to check the consistency of the working 
functions of the toolkit. The comparative results imparted identical results which 
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confirmed the verification of the working functions and the accuracy of the toolkit 
calculations.  
7.9 SUMMARY 
The developed web-based toolkit is the connection between the research and the 
industry which enables the effective delivery of the research outcomes to the end-
users. Once fully developed, the toolkit will aid the contractors to implement emission 
reduction options prior to the execution stage of construction and designers to 
compare and analyse various construction projects, techniques, materials and 
transportation options to minimise emissions at the construction stage of buildings. 
The options provided in the toolkit to comprehensively estimate, analyse and 
compare emissions at the construction stage caters effective prediction of emissions 
which leads to sustainable decision making. The easily accessible user interface will 
ease the data entry process which will lead to a comprehensive emission analysis 
with minimum user effort.  The toolkit has completed its initial development to furnish 
the research objectives and outcomes. The research team aims to further develop 
the web based toolkit into a comprehensive tool of sustainability measurement at the 
construction stage of buildings by integrating emissions with cost, quality, time and 
efficiency factors. 
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8. CONCLUSIONS, CONTRIBUTIONS AND FUTURE RESEARCH 
The aim of the research study was to comprehensively estimate and compare 
emissions and the associated environmental impacts of various construction 
activities. Subsequently, the conducted literature review identified that the current 
models, methodologies and tools lack a systematic approach towards estimating 
emissions from construction activities. Thus the current research developed models 
and frameworks for a systematic emission study on construction. A process based 
emission methodology was then defined to estimate and compare emissions 
associated with construction. An impact assessment methodology was also 
developed to measure the environmental impacts of construction activities on global, 
regional and local environment. Based on the results a web based toolkit was 
developed to estimate, compare and analyse emissions from different construction 
activities.  
8.1 CONCLUSIONS WITH RESPECT TO THE RESEARCH OBJECTIVES 
Research conclusions are directed on the basis of response to the research 
objectives defined. The proposed research objectives of the current study are: 
 Objective 1: Enhance the significance of environmental emissions at 
construction stage 
 Objective 2: Identify the key elements that would contribute to environmental 
emissions and impacts of construction activities and measure those emissions 
 Objective 3: To develop a mathematical models and methods to evaluate and 
compare these emissions of different construction activities 
 Objective 4: To develop a toolkit that can capture and compare 
environmental emissions to benchmark the decision making process  
 Objective 5: To validate the toolkit and methods and propose areas of 
improvements in minimizing the environmental emissions of construction 
activities 
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 OBJECTIVE 1: ENHANCE THE SIGNIFICANCE OF ENVIRONMENTAL 8.1.1
EMISSIONS AT CONSTRUCTION STAGE 
The initial intention of the research study was to perform a comprehensive emission 
analysis at the construction stage of buildings. The preliminary literature review (LR) 
identified only a handful studies have considered environmental emissions at the 
construction stage of buildings. Thus, extensive LR was carried out in Chapter 2 to 
identify the significance of emissions at building construction. Based on the LR 
observations, the necessity of a methodological framework was identified to perform 
a systematic emission study at the construction stage of buildings. The LR also 
revealed that emission studies have seldom considered emissions at the 
construction stage of buildings. Subsequently, based on survey response results, 11 
major factors were identified that restricts or complicates the emission studies 
building construction. These factors were grouped into three major categories for 
easy identification prior to a building emission study.  
 OBJECTIVE 2: IDENTIFY THE KEY ELEMENTS THAT CONTRIBUTE TO 8.1.2
ENVIRONMENTAL EMISSIONS AND IMPACTS OF CONSTRUCTION 
ACTIVITIES AND MEASURE THOSE EMISSIONS 
Prior to development of the methodology, the researchers acknowledged the 
importance of identification of key elements that contribute to emissions at the 
construction stage of buildings. The researchers identified the importance of 
analysing emissions under direct and indirect emissions. Direct emissions are the 
emissions which are a result of direct processes considered in the system boundary, 
whilst indirect emissions are the emissions for a process which are generated 
outside the system boundary considered. Subsequently, the system boundary for the 
emission study at building construction was divided into; embodied emissions from 
construction materials, emissions from construction equipment usage, emissions due 
to transportation and emissions due to electricity usage to incorporate both direct 
and indirect emissions. Direct emissions from equipment usage and transportation 
vehicles are a result of fuel combustion. These emissions were set to involve both 
GHG and non-GHG emissions due to the partial combustion of fuel. Due to the high 
short term impacts of these non-GHG emissions, both GHG and non-GHG were 
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considered for the direct emission sources, while only GHG emissions were 
considered for the indirect emission sources.   
 OBJECTIVE 3: TO DEVELOP A MATHEMATICAL MODELS AND 8.1.3
METHODS TO EVALUATE AND COMPARE THESE EMISSIONS OF 
DIFFERENT CONSTRUCTION ACTIVITIES 
Following the identification of lack of models and methods, the researchers 
developed models and frameworks in Chapter 4 that enable an in-depth emission 
analysis at the construction stage of buildings. Project level emission estimation 
models suggested in emission standards and previous studies were further refined to 
be able to estimate equipment and activity level emissions. New inputs were 
introduced into these models to facilitate the easy data collection process. 
Consequently, a methodology was also developed in the form of a step by step 
procedure to perform an in-depth direct emission analysis at the construction stage 
of buildings. The developed procedure provides a stepwise procedure to perform an 
equipment and activity level direct emission analysis. 
Successively, a process based emission analysis was introduced to estimate GHG 
and non-GHG emissions from the emission sources identified. Subsequently an 
impact assessment index was developed for impact assessment with the assistance 
of Multi-Criteria Analysis (MCA) and Life Cycle Assessment (LCA) to measure 
significance of environmental impacts of construction at global, regional and local 
environment.  
Case study analysis presented in Chapter 6 critically investigated emissions and 
related environmental emissions associated with building construction. The 
significance of emission analyses at different construction stages were discovered 
with important conclusions on emissions at foundation and structure construction 
stages. The direct emissions at foundation construction stage were found to have 
higher significance compared to the total building construction. Non-GHG direct 
emissions from construction equipment and transportation vehicles such as CO and 
NOx emissions were realised in considerable amounts at the foundation construction 
stage. The obtained results further concluded the environmental impacts such 
Photochemical Oxidation and Acidification Potential carry significant short term 
247 
 
impacts on regional and local environments while Global Warming (GW) remained 
the most prominent impact potential on global environment. 
Emission analysis at the structure construction stage revealed that indirect emissions 
such as embodied GHG emissions from materials and GHG emissions from 
electricity usage are more significant due to high consumptions. Compared to GHG 
emissions, non-GHG emissions carry lesser impacts implying the importance of 
Global Warming impact potential at structure construction stage. Other impact 
potentials were found to have minor significance compared GW potential on global, 
regional and local environments. 
 OBJECTIVE 4: TO DEVELOP A DECISION MAKING TOOLKIT THAT CAN 8.1.4
CAPTURE AND COMPARE ENVIRONMENTAL EMISSIONS TO 
BENCHMARK THE DECISION MAKING PROCESS 
In Chapter 7, based on the developed methodologies and the obtained results, a 
toolkit was developed to estimate, compare and analyse emissions and 
environmental impacts at the construction stage of buildings. The toolkit was initially 
developed in Excel using Macros and Visual Basic (VB) programming and was later 
developed into a web based online toolkit for users (including contractors and 
designers) to easy estimate, compare and analyse emissions from various 
construction activities. The inbuilt construction equipment and materials inventories 
enable the users to load readily available machine and material details with minimum 
effort. The additional functions facilitate the possibility to create a new machine or 
material profiles.  
The toolkit is able to estimate emissions of building construction at project level, 
equipment level and activity level. Project level emissions enable the comparison of 
total emissions of a construction project by categorising pollutants into GHG and 
non-GHG emissions. Equipment level emission comparisons have the capabilities of 
comparing emissions and emissions rates for each pollutant type for each 
construction machine. This option will aid the users to identify machines with 
significant emissions and help promote effective decision making on reducing 
emissions from construction equipment. Activity level emission comparisons will be 
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useful to classify the significant emission related activities prior to implementing 
emission reduction options. 
Moreover, the decision making toolkit possess the potential to compare emissions 
from two different construction projects. The impact assessment method can 
compare the significance of resulting environmental impacts of construction on 
global, regional and local environment. The option of an in-depth analysis on 
construction equipment allows the user to examine the machine optimum power 
range and usage which minimises emissions.  
 OBJECTIVE 5: TO VALIDATE THE TOOLKIT AND METHODS AND 8.1.5
PROPOSE AREAS OF IMPROVEMENTS IN MINIMIZING THE 
ENVIRONMENTAL EMISSIONS OF CONSTRUCTION ACTIVITIES 
The decision making toolkit, developed methodologies and frameworks are validated 
using case studies by appropriately stating the assumptions and limitations. The 
conforming contents are presented in Chapters 5 and 7. Sensitivity analysis was also 
carried out to identify the most significant inputs that require additional 
considerations in entering data into the toolkit. In Chapter 6, further analyses were 
conducted on emissions from equipment usage, construction materials and 
transportation to identify the areas of minimising environmental emissions. The 
results inferred the importance site planning, resource planning and resource 
selection to minimise environmental emissions.  
8.2 RESEARCH CONTRIBUTIONS 
To the author’s best knowledge, the current research is the first study undertaken to 
comprehensively address the emissions at different construction activities in 
Australia. The research study contributes to the area of knowledge theoretically and 
practically. Theoretical signify the contributions towards the field of research while 
practical represents the contributions towards the industry. 
 THEORETICAL CONTRIBUTIONS 8.2.1
The theoretical contributions that address the area of knowledge are as follows: 
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 Analysis and comparison of emissions at the foundation and structure 
construction activities of buildings 
While many of the studies on building construction have conducted emission 
analyses on various construction methods and techniques, none of them have made 
attempts to comprehensively estimate emissions from construction activities in a 
building. With this intent, the research has examined emissions from various 
foundation and structure construction techniques and corresponding activities. The 
outcomes of this case study analysis signified the significance of considering 
emissions at different construction stages. Moreover, the results also signified the 
benefits of conducting an in-depth emission analysis for contractors who seek to 
minimise the emissions at the construction stage of buildings.  
 Development of mathematical models and frameworks to enable a 
comprehensive analysis of emissions at the construction stage of buildings 
The literature review identified the lack of capacity of project level mathematical 
models to estimate emissions from a specific construction activity. The models and 
frameworks developed in the current study facilitate this issue by providing inclusive 
models and approaches to estimate emissions at an in-depth level for construction 
activities. These models and frameworks have passed the initial validation 
considering the Australian context and can be implemented after further validations. 
 A selection criterion for the most suitable emission factor standards when 
estimating emissions from construction equipment 
Selecting the most suitable emission standard to measure GHG and non-GHG 
emissions from construction equipment used in Australia is an uphill task due to the 
unavailability of country specific standards. Therefore, the developed selection 
criterion enables easy identification of the most accurate emission standard based 
on factors such as data availability and accuracy. The capacity and the applicability 
of the criterion are also initially validated using a case study. 
 An impact assessment methodology for  assessment impact due to 
construction on global, regional and local environment level 
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Unlike other stages of building, emissions at the construction stage is responsible for 
environmental impacts at various environment levels. The impacts vary from direct 
impacts from emissions due to fuel combustion at the construction site to indirect 
impacts from emissions due to electricity generation and material extractions. The 
developed impact assessment methodology enables assessment of significance of 
environmental impacts from emissions on global, regional and local environment. It 
also aids to identify the significant impacts to be considered at different environment 
levels.  
 PRACTICAL CONTRIBUTIONS (SIGNIFICANCE TO THE INDUSTRY) 8.2.2
The practical contributions that address the area of knowledge are as follows: 
 Decision making tool to achieve the following functions in an emission study 
at the construction stage of buildings 
1. Estimate emissions at the construction stage for emissions from materials, 
equipment usage, transportation and electricity usage 
2. Compare emissions of two similar construction projects 
3. Comprehensive analysis of emissions at equipment level 
4. Analyze and estimate emissions at activity level 
5. Assess the impacts of construction based on global, regional and local level 
 Development of a user friendly web based toolkit 
The decision tool was implemented into a user friendly web based toolkit to aid 
designers and contractors to estimate and compare emissions from the preceding 
functional aspects.   
The developed toolkit provides the following benefits to the industry 
users: 
1. A registry including more than 200 commercially available construction 
machines with their base emission profiles calculated according to US EPA 
emission standard. 
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2. The capacity to create a new machine emission profile with minimum effort 
and inputs 
3. The ability to create emission profiles for materials based on users emission 
factors 
8.3 STUDY LIMITATIONS AND ASSUMPTIONS 
 LIMITATIONS ON THE SYSTEM BOUNDARY 8.3.1
System boundary definition is a major limitation of any LCA study. An ideal system 
boundary for specific product or process should include all the of its life cycle stages 
from material extraction to end of life. Nevertheless, the objective of the boundary 
definition was to compare emissions and environmental impacts from different 
construction stages and activities. Thus, the study defined the system boundary to 
incorporate only the major emission sources in the construction stage of buildings. 
Consequently, several minor emissions such as transportation of workers to the site 
were not considered for the analysis. 
 LIMITATIONS ON THE COMPLETENESS OF DATA 8.3.2
Wherever possible, the study used primary data collected for the emission analyses. 
However, secondary data were used for emission standards definitions which may 
incur incompleteness to the study. The major assumptions to overcome the 
limitations of employing secondary data are as follows: 
1. Emission variations due to climate change and temperature variations were 
assumed to have no impacts on the emissions 
2. Emission variations due to altitude change were not considered 
3. Particulate matter emissions were assumed to be smaller than 10 microns 
(PM10)  
8.4 RECOMMENDATIONS AND FUTURE RESEARCH 
The current research initiated a comprehensive analysis of emissions at the 
construction stage of buildings. However, several scope and system boundary 
limitations of the present research study have restricted further implementations and 
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development works. Therefore, the following recommendations and future research 
works are encouraged to enhance the quality of the present research work. 
 Implement the toolkit in industry applications  
The next stage of the research study is to implement the web based toolkit and the 
research outcomes in the construction industry to find out limitations, drawbacks and 
further improvements to identify the future research directions. Especially, since the 
toolkit is at its initial development stages, future researchers could be involved to 
further develop the toolkit to cater industry needs and targets. From this point of 
view, the research methodologies and decision making models can be further refined 
to address the industry objectives. Moreover, case studies of various types of 
building construction and other construction types such as road construction can be 
implemented to investigate the limitations of using the toolkit in different construction 
methods.     
 Link the construction stage impacts with other life cycle stages of buildings 
The current research study limits its capacity to only estimate environmental 
emissions and associated impacts at the construction stage of buildings. These 
detailed emission outcomes can be linked with other life cycle stages of buildings to 
draw more conclusive results on the significance of emissions in a building.  
 Integrate with cost, time, quality and BIM aspects into the toolkit to develop an 
optimized index for contractors and designers to enhance the construction 
operation 
The current research study derived a comprehensive methodology to estimate, 
analyse and compare emissions at the construction stage of buildings. However, the 
industry is moving forward to a virtual environment with a Building Information 
Modelling (BIM) compulsion construction life. Contractors are also equally concerned 
about the cost and quality of the work apart from the environmental emissions. 
Therefore, the research team finds the necessity of integration of cost, time, quality 
and BIM aspects along with the environmental emissions to develop a complete 
methodology to measure the sustainability at the construction stage in an efficient 
way.
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APPENDIX A: PROCEDURE FOR EMISSION FACTOR CALCULATION  
A.1 EMISSION FACTOR CALCULATION FOR STATIONARY EQUIPMENT 
 Emission factor calculation for HC, CO and NOx  
The emission factor for HC, CO and NOx for a construction equipment depends upon 
the steady emission state of the equipment (EFss), Deterioration factor (DF), 
Transient adjustment factor (TAF). After accounting for these adjustments, the 
emission factor for these emission elements can be expressed as follows: 
TAFDFSSEFxNO,CO,HC
EF **=   
The procedure for calculation of DF is provided in the literature review chapter. 
Transient adjustment factor encounters the difference of operating conditions and 
test conditions and the corresponding values can be obtained from US EPA report. 
 Emission factor calculation for PM 
Emission factor for PM can be determined similarly from the following equation while 
accounting for the sulphur content of the fuel. This is because the PM emissions are 
directly dependent on the sulphur content present in the fuel. Therefore, the above 
equation can be modified as follows to determine the emission factor for PM.                                           
adjPM
STAFDFSSEFPMEF ***=   
Where, SPMadj is the sulphur content adjustment to PM emission factor. The 
procedure to determine the sulphur adjustment to PM emission factor is given below. 
)soxdslsoxbas(01.0soxcnv0.76.453BSFC
adjPM
S -*****=   
Where: BSFC is the brake specific fuel consumption in lb/hp-hr, 453.6 is the value of 
conversion of lb to grams and 7.0 is the ratio between grams of PM sulphate to 
grams of PM sulphur. The term soxcnv represents the fraction of diesel fuel sulphur 
converted to PM. This term depends upon the technology type of the machine.  
 Emission factor calculation for SO2 
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The emission factor calculation for SO2 is as follows: 
2soxdsl01.0)HC)soxcnv1(6.453BSFC(
2SO
EF ****-**=   
The equation encounters for corrections for the amount of sulphur converted to PM 
emissions directly. The value 2 is the grams of SO2 firmed from a gram of sulphur 
and the other terms carry the same meaning as before. 
A.2 EMISSION FACTOR CALCULATION FOR TRANSPORTATION 
VEHICLES 
As mentioned earlier the emission factor EFj depends on factors like age of vehicle, 
distance travelled by the vehicle, current emission level etc. The following equation 
should be adopted to determine the emission factor EFj. 
[ ]kCumVKTkDRiZKLjEF *+=   
Where, ZKLi is the zero level kilometre emissions fuel type I; DRk is the deterioration 
rate for the vehicle type k; CumVKTk is the cumulative vehicle kilometres for the 
vehicle type k 
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APPENDIX B: DATA REQUIRED TO CALCULATE EMISSION FACTORS 
B.1 GHG EMISSION FACTORS FOR TRANSPORTATION 
B.2 DETERIORATION RATES FOR NON-CO2 GASES (G/KM/KM) FOR 
TRANSPORTATION 
 VEHICLE AGE CLASS 
Pre 1979 1980-85 1985-93 1994-97 1998-03 2004-05 2006 onw. 
Passenger Cars 
CH4 6.35*10
-7 4.76*10-7 5.85*10-7 2.5*10-7 1.38*10-7 1.52*10-7 1.54*10-7 
N2O 0 0 0 0 0 0 0 
CO 1.45*10-4 1.27*10-4 1.06*10-4 4.31*10-6 1.43*10-5 5.83*10-6 4.74*10-6 
NOX 0 6.48*10
-6 2.98*10-6 1.5410-6 1.76*10-6 2.73*10-7 3.04*10-7 
NMV
OC 
9.95*10-6 7.45*10-6 7.83*10-6 4.42*10-6 4.42*10-6 4.42*10-6 4.42*10-6 
Light Commercial Vehicles 
CH4 0 0 0 2.35*10
-7 2.08*10-7 1.46*10-7 1.55*10-7 
N2O 0 0 0 0 0 0 0 
CO 0 0 0 2.22*10-5 2.29*10-5 1.35*10-6 6.23*10-6 
NOX 0 0 0 1.49*10
-6 4.46*10-6 0 1.08*10-7 
Gasoline (other than for use in aircraft)
Diesel oil
Gasoline ( For use in aircraft)
Kerosene (For use in aircraft)
Fuel oil
Liquefied petroleum gas
Biodiesel
Biofuels other than those mentioned in the items above
Natural gas ( light duty vehicles) (GJ/m3)
Natural gas ( heavy duty vehicles) (GJ/m3)
Liquified natural gas ( light duty vehicles)
Liquified natural gas ( Heavy duty duty vehicles)
Gasoline (other than for use in aircraft)
Diesel oil
Liquefied petroleum gas
Euro iv or 
higher
Diesel oil 1
Euro iii Diesel oil 2
Euro i Diesel oil 3
Post-2004 
vehicles
Emission factor 
kgco2/GJ
CO2
34.2
38.6
33.1
36.8
39.7
26.2
34.6
23.4
0.00393
0.00393
25.3
Energy 
content 
factor 
(GJ/kL)
Fuel combusted
23.4
38.6
25.3
38.6
38.6
34.2
38.6
26.2
23.4
68.9
72.9
66.7
69.2
69.2
59.6
0.0
69.2
69.2
Ethanol for use as a fuel in an internal combustion 
engine
Ethanol for use as a fuel in an internal combustion 
engine
VALUES of ef for CO2
Transport type
GENERAL 
TRANSPORT
51.2
51.2
51.2
59.6
0.0
0.0
0.0
51.2
66.7
69.2
66.3
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NMV
OC 
9.95*10-6 7.45*10-6 7.83*10-6 4.42*10-6 4.42*10-6 4.42*10-6 4.42*10-6 
 
B.3 ZERO KILOMETRE CH4EMISSIONS FACTORS SPLIT BY URBAN/NON-
URBAN ROAD CONDITIONS FOR MEDIUM AND HEAVY DUTY TRUCKS 
AND BUSES  
 
Fuel Type 
Medium duty truck Heavy Duty Truck 
Urban Non-Urban Urban Non-Urban 
EF (g/km) EF (g/km) EF (g/km) EF (g/km) 
Petrol 
Post 2002 0.078 0.062 0.078 0.062 
1996-2002 0.140 0.110 0.140 0.110 
Pre 1996 0.140 0.110 0.140 0.110 
LPG 
Post 2002 0.123 0.054 0.123 0.054 
1996-2002 0.220 0.096 0.220 0.096 
Pre 1996 0.220 0.096 0.220 0.096 
ADO 
Post 2007 0.0025 0.0051 0.00525 0.0042 
2003-2007 0.046 0.07735 0.098 0.0637 
1996-2002 0.157 0.037 0.157 0.07 
Pre 1996 0.157 0.037 0.157 0.063 
 
B.4 N2O ZERO KILOMETRE EMISSION FACTORS FOR 
TRANSPORTATION 
 
Fuel Type 
Medium duty truck Heavy Duty Truck 
Urban Non-Urban Urban Non-Urban 
EF (g/km) EF (g/km) EF (g/km) EF (g/km) 
Petrol 
Post 2002 0.006 0.006 0.006 0.006 
1996-2002 0.006 0.006 0.006 0.006 
Pre 1996 0.006 0.006 0.006 0.006 
LPG 
Post 2002 0.020 0.020 0.020 0.020 
1996-2002 0.020 0.020 0.020 0.020 
Pre 1996 0.020 0.020 0.020 0.020 
ADO 
Post 2002 0.030 0.030 0.030 0.030 
1996-2002 0.030 0.030 0.030 0.030 
Pre 1996 0.030 0.030 0.030 0.030 
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B.5 ZERO KILOMETRE NO, CO AND NMVOC EMISSIONS FOR TRANSPORTATION VEHCILES (G/KM) 
 Passenger Car LCV Med. Duty Truck Heavy Duty Truck 
 NO CO NMVOC NO CO NMVOC NO CO NMV
OC 
NO CO NMVO
C 
Petrol 
post2005 0.044 0.108  
0.077 
0.139 0.047  
 
 
0.236 
 
 
 
 
 
2.52 
 
 
 
 
 
10.87 
 
 
 
 
 
1.04 
 
 
 
 
 
2.52 
 
 
 
 
 
10.87 
 
 
 
 
 
1.04 
2004-2005 0.075 0.399 0.275 0.669 
1998-2003 0.167 0.037 0.820 1.664 
1994-1997 0.498 6.906 1.456 10.108 
1985-1993(3-
waycat) 
0.669 10.378 0.294 0.000 0.000 
1985-1993(2-
waycat) 
0.619 0.083 0.260 0.000 0.000 0.791 
1976-1985 1.400 14.900 1.419 2.853 25.977 4.314 
Pre76 2.460 24.000 2.275 5.014 41.842 6.914 
LPG 
Post97 0.472 2.327 0.199 0.472 2.327 0.199  
 
4.83 
 
 
24.00 
 
 
4.21 
 
 
4.83 
 
 
10.87 
 
 
4.21 
1985-1997(3-
waycat) 
0.942 10.305 0.755 0.942 10.305 0.755 
1985-1997(2-
waycat) 
1.947 14.614 0.669 1.947 14.614 0.669 
1976-1985 2.931 39.881 3.647 2.931 22.875 3.647 
Pre76 5.150 64.238 5.846 5.150 36.846 5.846 
ADO 
Post97 0.250 0.116 0.062 0.250 0.116 0.062  
 
5.20 
 
 
6.44 
 
 
1.15 
 
 
5.20 
 
 
24.00 
 
 
1.15 
1985-1997(3-
waycat) 
0.500 0.515 0.237 0.500 0.515 0.237 
1985-1997(2-
waycat) 
1.034 0.731 0.210 1.034 0.731 0.210 
1976-1985 1.556 1.994 1.144 1.556 1.994 1.144 
Pre76 2.734 3.212 1.833 2.734 3.212 1.833 
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B.6 TAF FOR DIFFERENT CONSTRUCTION EQUIPMENT 
 
B.7 DETERIORATION FACTORS DIFFERENT POLLUTANTS 
(CONSTRUCTION EQUIPMENT) 
Pollutant 
Relative Deterioration Factor (A) 
Tier 0 Tier 1 Tier 2 Tier 3 
HC 0.047 0.036 0.034 0.027 
CO 0.185 0.101 0.101 0.151 
NOx 0.024 0.024 0.009 0.008 
PM 0.473 0.473 0.473 0.473 
Base,
T0-T2 Tier 3
Base, 
T0-T2 Tier 3
Pavers 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Tampers/rammers 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Plate compatcors 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Rollers 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Scrapers 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Paving Equipment 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Surfacing Equipment 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Signal Boards 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trenchers 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Bore/Drill Rigs 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Excavators 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Concrete/Industrial saws 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Cement & Mortar mixers 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Cranes 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Graders 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Off-highway trucks 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Crushing/Proc. Equipment 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Rough terrain Forklifts 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Rubber Tire Loarders 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Rubber tire dozers 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Tractors/Loaders/Backhoes 2.29 2.57 1.10 1.21 1.97 2.37 1.18
Crawler Dozer 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Skid steer Loaders 2.29 2.57 1.10 1.21 1.97 2.37 1.18
Off-highway tractors 1.05 1.53 0.95 1.04 1.23 1.47 1.01
Dumpers/Tenders 2.29 2.57 1.10 1.21 1.97 2.37 1.18
Other construction equipment 1.05 1.53 0.95 1.04 1.23 1.47 1.01
NOx PM
CO           
Base-T3
HC           
Base-T3
BSFC       
Base-T3
Construction equipment type
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B.8 EMISSION FACTORS FOR DIFFERENT POLLUTANTS AND BSFC VALUES OF CONSTRUCTION EQUIPMENT 
Engine 
Power 
(hp) 
Technology 
Type 
BSFC 
(lb/hp-
hr) 
Emission Factors ( g/hp-hr) Engine 
Power 
(hp) 
Technology 
Type 
BSFC 
(lb/hp-
hr) 
Emission Factors ( g/hp-hr) 
HC CO NOx PM HC CO NOx PM 
>0 to 11 
Base 
0.408 
1.5 5.0 10.0 1.0 
> 25 to 50 
Base 
0.408 
1.8 5.0 6.9 0.8 
Tier 0 1.5 5.0 10.0 1.0 Tier 0 1.8 5.0 6.9 0.8 
Tier 1 0.7628 4.1127 5.2298 0.4474 Tier 1 0.2789 1.5323 4.7279 0.3389 
Tier 2 0.5508 4.1127 4.3 0.50 Tier 2 0.2789 1.5323 4.7279 0.3389 
Tier 4A 0.5508 4.1127 4.3 0.28 Tier 4A 0.2789 1.5323 4.7279 0.20 
Tier 4B 0.5508 4.1127 4.3 0.28 Tier 4 0.1314 0.153 3.0000 0.0184 
>11 to 16 
Base 
0.408 
1.7 5.0 8.5 0.9 
> 50 t o75 
Base 
0.408 
Vary by application, see NEVES 
Tier 0 1.7 5.0 8.5 0.9 Tier 0 0.99 3.49 6.9 0.7220 
Tier 1 0.4380 2.1610 4.4399 0.2665 Tier 1 0.5213 2.3655 5.5988 0.4730 
Tier 2 0.4380 2.1610 4.4399 0.2665 Tier 2 0.3672 2.3655 4.7 0.24 
Tier 4A 0.4380 2.1610 4.4399 0.28 Tier 4A 0.1836 2.3655 3.00 0.20 
Tier 4B 0.4380 2.1610 4.4399 0.28 Tier 4 0.1314 0.237 3.00 0.0184 
> 16 to 25 
Base 
0.408 
1.7 5.0 8.5 0.9 
> 75 to 
100 Base 
0.408 
Vary by application, see NEVES 
Tier 0 1.7 5.0 8.5 0.9   Tier 0 0.99 3.49 6.9 0.722 
Tier 1 0.4380 2.1610 4.4399 0.2665   Tier 1 0.5213 2.3655 5.5988 0.4730 
Tier 2 0.4380 2.1610 4.4399 0.2665   Tier 2 0.3672 2.3655 4.7 0.24 
Tier 4A 0.4380 2.1610 4.4399 0.28   Tier 3B 0.1836 2.3655 3.0 0.20 
Tier 4B 0.4380 2.1610 4.4399 0.28   Tier 4 0.1314 0.237 3.000 0.0092 
> 100 to 
175  
Base 
0.367 
Vary by application, see NEVES 
>300 to 
600 
Base 
0.367 
Vary by application, see NEVES 
Tier 0 0.68 2.70 8.38 0.402 Tier 0 0.68 2.70 8.38 0.402 
Tier 1 0.3384 0.8667 5.6523 0.2799 Tier 1 0.2025 1.3060 6.0153 0.2008 
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Tier 2 0.3384 0.8667 4.1 0.1800 Tier 2 0.1669 0.8425 4.3351 0.1316 
Tier 3 0.1836 0.8667 2.5 0.22 Tier 3 0.1669 0.8425 2.5 0.1500 
Tier 4 0.1314 0.8667 2.50 0.0092 Tier 4 0.1314 0.084 2.5 0.0092 
Tier 4N 0.1314 0.8667 0.276 0.0092 Tier 4N 0.1314 0.084 0.276 0.0092 
> 175 to 
300 
Base 
0.367 
Vary by application, see NEVES 
>600 to 
750 
Base 
0.367 
Vary by application, see NEVES 
Tier 0 0.68 2.70 8.38 0.402 Tier 0 0.68 2.70 8.38 0.402 
Tier 1 0.1473 1.3272 5.8215 0.2201 Tier 1 0.1473 1.3272 5.8215 0.2201 
Tier 2 0.1669 1.3272 4.1 0.1316 Tier 2 0.1669 1.3272 4.1 0.1316 
Tier 3 0.1669 1.3272 2.5 0.15 Tier 3 0.1669 1.3272 2.5 0.15 
Tier 4 0.1314 0.133 2.50 0.0092 Tier 4 0.1314 0.133 2.5 0.0092 
Tier 4N 0.1314 0.133 0.276 0.0092 Tier 4N 0.1314 0.133 0.276 0.0092 
> 750 
except 
generator    
sets 
Base 
0.367 
Vary by application, see NEVES 
generator    
sets > 750 
to 1200 
Base 
0.367 
Vary by application, see NEVES 
Tier 0 0.68 2.70 8.38 0.402 Tier 0 0.68 2.70 8.38 0.402 
Tier 1 0.2861 0.7642 6.1525 0.1934 Tier 1 0.2861 0.7642 6.1525 0.1934 
Tier 2 0.1669 0.7642 4.1 0.1316 Tier 2 0.1669 0.7642 4.1 0.1316 
Tier 4 0.2815 0.7642 2.392 0.069 Tier 4 0.2815 0.7642 0.2392 0.069 
Tier 4N 0.1314 0.076 2.392 0.0276 Tier 4N 0.1314 0.076 0.460 0.0184 
generator    
sets >  
1200 
Base 
0.367 
Vary by application, see NEVES 
       Tier 0 0.68 2.70 8.38 0.402 
       Tier 1 0.2861 0.7642 6.1525 0.1934 
       Tier 2 0.1669 0.7642 4.1 0.1316 
       Tier 4 0.2815 0.7642 0.460 0.069 
       Tier 4N 0.1314 0.076 0.460 0.0184 
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APPENDIX C: QUESTIONNAIRE SURVEYS 
C.1 QUESTIONNARIE SURVERY 1 – IDENTIFICATION FACTORS THAT 
RESTRICT EMISSION STUDIES AT THE CONSTRUCTION STAGE 
No Factor Description 1 2 3 4 5 6 7 
F1 Lack of generic system boundary        
F2 Variations of assumptions made        
F3 Difficulty in collection of construction site specific data        
F4 Lack of guidance to a systematic methodology        
F5 Uncertainties and uniqueness in construction methods        
F6 Lack of effective data inventories to estimate non-GHG 
emissions  
       
F7 Complex modelling issues        
F8 Lack of R&D initiations on emissions at construction stage        
F9 High cost associated with data collection process        
F10 Time consuming nature in data collection        
F11 Difficulty in using commercial LCA software tools        
F12 The variation of calculations in mathematical models        
F13 Negligence of industry towards control of emissions at the 
construction stage 
       
F14 Insignificance of GHG emissions at the construction stage of a 
building 
       
F15 Lack of rules and regulations to control emissions at 
construction stage 
       
F16 Less economic return for industries in carrying out the analysis        
F17 Lack of technologies and innovations        
F18 Commercial sensitivity of most of the data        
C.2 QUESTIONNAIRE SURVEY 2 – IDENTIFICATION OF SIGNIFICANCE 
OF IMPACT CATEGORIES RELATED TO CONSTRUCTION AT DIFFERENT 
GEOGRAPHICAL PERSPECTIVES 
1.1.1.2 A) RELATIVE IMPORTANCE OF IMPACTS 
FROM GLOBAL PERSPECTIVE 
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 5 4 3 2 1 2 3 4 5 
GWP vs AP          
GWP vs EP          
GWP vs POFP          
GWP vs HTP          
AP vs EP          
AP vs POFP          
AP vs HTP          
POFP vs EP          
HTP vs EP          
HTP vs POFP          
1.1.1.3 B) RELATIVE IMPORTANCE FROM REGIONAL PERSPECTIVE 
 5 4 3 2 1 2 3 4 5 
GWP vs AP          
GWP vs EP          
GWP vs POFP          
GWP vs HTP          
AP vs EP          
AP vs POFP          
AP vs HTP          
POFP vs EP          
HTP vs EP          
HTP vs POFP          
1.1.1.4 C) RELATIVE IMPORTANCE FROM LOCAL PERSPECTIVE 
 5 4 3 2 1 2 3 4 5 
GWP vs AP          
GWP vs EP          
GWP vs POFP          
GWP vs HTP          
AP vs EP          
AP vs POFP          
AP vs HTP          
POFP vs EP          
HTP vs EP          
HTP vs POFP          
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APPENDIX D: SCREENSHOTS OF THE WEB BASED TOOLKIT 
D.1 INPUT DATA PAGE – EQUIPMENT (PETROLEUM BASED) 
 
D.2 INPUT DATA PAGE – MATERIALS 
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D.3 INPUT DATA PAGE – TRANSPORTATION 
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D.4 INPUT DATA PAGE – ELECTRICITY USAGE 
 
 
D.5 INPUT DATA PAGE – ELECTRIC EQUIPMENT 
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D.6 INPUT DATA PAGE – EQUIPMENT INVENTORY 
 
 
D.7 INPUT DATA PAGE – ACTIVITY DETAILS 
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D.8 ADD QUANTITY ENTRY PAGE – EQUIPMENT 
 D.9 ADD QUANTITY ENTRY PAGE – MATERIALS 
 
 D.10 ADD QUANTITY ENTRY PAGE – TRANSPORTATION 
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D.11 ADD QUANTITY ENTRY PAGE – ELECTRICITY EQUIPMENT 
 
D.12 OUTPUT PAGE – PROJECT LEVEL EMISSIONS 
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D.13 OUTPUT PAGE – COMPARISON OF EMISSIONS FROM PROJECTS 
 
D.14 OUTPUT PAGE – TOTAL EMISSION COMPARISON FROM 
EQUIPMENT 
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D.15 OUTPUT PAGE – EMISSION RATES COMPARISON FROM 
EQUIPMENT 
D.16 OUTPUT PAGE – ACTIVITY EMISSIONS 
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D.17 OUTPUT PAGE – ACTIVITY EMISSIONS 
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D.17 PROJECT SUMMARY PAGE 
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APPENDIX E: PROGRAM CODES FOR THE WEB BASED TOOLKIT 
E.1 EQUIPMENT CALCULATION 
    <?php 
     //Dfrel 
    //echo "HC Dfrel : $HC_DF*($CumulativeUsage/$Life_Span)*$LF+1 = "; 
    $HC_DFrel = $HC_DF*($CumulativeUsage/$Life_Span)*$LF+1; 
    //EF Changed 
    //echo "HC EF Changed : $HC_EF*$HC_TAF*$HC_DFrel = "; 
    $HC_EFChanged = $HC_EF*$HC_TAF*$HC_DFrel; 
    //HC emissions 
    //echo "HC emissions: 
($HC_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000) = "; 
    $HC_Emissions = ($HC_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000); 
    //EF* 
    //echo "HC EF* : $HC_Emissions/$Usage = "; 
    $HC_EFStar = $HC_Emissions/$Usage; 
  
//===============================================================
======================== 
    //Dfrel 
    //echo "CO Dfrel : $CO_DF*($CumulativeUsage/$Life_Span)*$LF+1 = "; 
    $CO_DFrel = $CO_DF*($CumulativeUsage/$Life_Span)*$LF+1; 
    //EF Changed 
    //echo "CO EF Changed : $CO_EF*$CO_TAF*$CO_DFrel = "; 
    $CO_EFChanged = $CO_EF*$CO_TAF*$CO_DFrel; 
    //CO emissions 
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    //echo "CO emissions : 
($CO_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000) = "; 
    $CO_Emissions = ($CO_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000); 
    //EF* 
    //echo "CO EF* : $CO_Emissions/$Usage = "; 
    $CO_EFStar = $CO_Emissions/$Usage; 
    
//===============================================================
======================== 
    //Dfrel 
    //echo "NOx Dfrel : $NOx_DF*($CumulativeUsage/$Life_Span)*$LF+1 = "; 
    $NOx_DFrel = $NOx_DF*($CumulativeUsage/$Life_Span)*$LF+1; 
    //EF Changed 
    //echo "NOx EF Changed : $NOx_EF*$NOx_TAF*$NOx_DFrel = "; 
    $NOx_EFChanged = $NOx_EF*$NOx_TAF*$NOx_DFrel; 
    //NOx emissions 
    //echo "NOx emissions : 
($NOx_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000) = "; 
    $NOx_Emissions = ($NOx_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000); 
 
    //EF* 
    //echo "NOx EF* : $NOx_Emissions/$Usage = "; 
    $NOx_EFStar = $NOx_Emissions/$Usage; 
    
//===============================================================
======================== 
    //CO2 EF 
    //echo "CO2_EF : ($BSFC*453.6-$HC_EFChanged)*0.87*(44/12) = "; 
    $CO2_EF = ($BSFC*453.6-$HC_EFChanged)*0.87*(44/12); 
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    //CO2 emissions 
    //echo "CO2 emissions : $CO2_EF*$LF*$Usage*$Power_hp_ROUND = "; 
    $CO2_Emissions = ($CO2_EF*$LF*$Usage*$Power_hp_ROUND/1000000); 
    //CO2 EF* 
    //echo "CO2 EF* : $CO2_Emissions/$Usage = "; 
    $CO2_EFStar = $CO2_Emissions/$Usage; 
   
//===============================================================
======================== 
    //Dfrel 
    //echo "PM Dfrel : ($CumulativeUsage/$Life_Span)*$PM_DF*$LF+1 = "; 
    $PM_DFrel = ($CumulativeUsage/$Life_Span)*$PM_DF*$LF+1; 
    //SPMadj 
    //echo "PM SPMadj : $BSFC*0.01*453.6*7*($SO2_SOXCNV*$SO2_SOXBAS-
$SO2_SOXDSL) = "; 
    $PM_SPMadj = $BSFC*0.01*453.6*7*$SO2_SOXCNV*($SO2_SOXBAS-
$SO2_SOXDSL); 
 
    //PM Changed 
    //echo "PM EF Changed : ($PM_EF*$PM_TAF*$PM_DFrel)-$PM_SPMadj = "; 
    $PM_EFCount = $PM_EF*$PM_TAF*$PM_DFrel; 
    if ($PM_EFCount > $PM_SPMadj) { 
        $PM_EFChanged = ($PM_EF*$PM_TAF*$PM_DFrel)-$PM_SPMadj; 
    } 
    else { 
        $PM_EFChanged = $PM_EFCount; 
    } 
    //PM emissions 
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    //echo "PM emissions : 
($PM_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000) = "; 
    $PM_Emissions = ($PM_EFChanged*$LF*$Usage*$Power_hp_ROUND/1000); 
    //PM* 
    //echo "PM EF* : $PM_Emissions/$Usage = "; 
    $PM_EFStar = $PM_Emissions/$Usage; 
    
//===============================================================
======================== 
 
    //SO2 EF 
    //echo "SO2 EF : 0.01*2*$SO2_SOXDSL*($BSFC*453.6*(1-$SO2_SOXCNV)-
$HC_EFChanged) = "; 
    $SO2_EF = 0.01*2*$SO2_SOXDSL*($BSFC*453.6*(1-$SO2_SOXCNV)-
$HC_EFChanged); 
    //SO2 Emissions 
    //echo "SO2 (kg) : ($SO2_EF*$LF*$Usage*$Power_hp_ROUND/1000) = "; 
    $SO2_Emissions = ($SO2_EF*$LF*$Usage*$Power_hp_ROUND/1000); 
    //SO2 EF* 
    //echo "SO2 EF* : $SO2_Emissions/$Usage = "; 
    $SO2_EFStar = $SO2_Emissions/$Usage; 
//===============================================================
======================== 
    //Energy 
    //echo "Energy = $Power_hp_ROUND*0.746*3600/1000*$Usage/1000 = "; 
    $Energy = $Power_hp_ROUND*0.746*3600/1000*$Usage/1000; 
    $Energy = round($Energy,2); 
//===============================================================
======================== 
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    //echo "$EID - $MachineType - $Make - $ModelNumber - $CumulativeUsage - 
$Usage - $HC_DFrel - $HC_EFChanged - $HC_Emissions - $HC_EFStar - 
$CO_DFrel - $CO_EFChanged - $CO_Emissions - $CO_EFStar - $NOx_DFrel - 
$NOx_EFChanged - $NOx_Emissions - $NOx_EFStar - $CO2_EF - 
$CO2_Emissions - $CO2_EFStar - $PM_DFrel - $PM_SPMadj - $PM_EFChanged - 
$PM_Emissions - $PM_EFStar - $SO2_EF - $SO2_Emissions - $SO2_EFStar - 
$Energy"; 
?> 
E.2 TRANSPORTATION CALCULATION 
<?php 
$YearForZkL=0000; 
if($Year<=1996){$YearForZkL=1996;}elseif($Year>=1996&&$Year<=2002){$YearFo
rZkL=2002;}elseif($Year>=2003&&$Year<=2007){$YearForZkL=2007;}elseif($Year>
2007){$YearForZkL=2008;} 
$YearForDR=0000; 
if($Year<=1979){$YearForDR=1979;}elseif($Year>=1980&&$Year<=1985){$YearFor
DR=1985;}elseif($Year>=1986&&$Year<=1993){$YearForDR=1993;}elseif($Year>=
1994&&$Year<=1997){$YearForDR=1997;}elseif($Year>=1998&&$Year<=2003){$Y
earForDR=2003;}elseif($Year>=2004&&$Year<=2005){$YearForDR=2005;}elseif($Y
ear>=2006){$YearForDR=2006;} 
//QUANTITIY OF FUEL CONSUMED (kL) 
$QuantitiyOfFuelConsumed = $FuelConsumption*$DistanceTravelled/1000; 
//CO2 (Mt) 
//Select ef 
$query_ef = "SELECT Energy_ContentFactor, Emission_Factor_kgco2 FROM ef 
WHERE Fuel_Combusted = '$Fuel';"; 
$result_ef = mysql_query($query_ef); 
if (!$result_ef) { 
    die('Invalid query: ' . mysql_error()); 
} 
$row_ef = @mysql_fetch_array($result_ef); 
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    $Energy_ContentFactor = $row_ef['Energy_ContentFactor']; 
    $Emission_Factor_kgco2 = $row_ef['Emission_Factor_kgco2']; 
 
/*$CO2_Mt = 
$QuantitiyOfFuelConsumed*$Energy_ContentFactor*$Emission_Factor_kgco2/1000
; // OLD One */ 
$CO2_Mt = 
$DistanceTravelled*$Material_Weight*2.5*$Emission_Factor_kgco2/1000000; 
//Select ZkL 
$query_ZkL = "SELECT NO_" .$Category. ", CO_" .$Category. ", NMVOC_" 
.$Category. " FROM zkl_diesel WHERE YEAR = '$YearForZkL';"; 
$result_ZkL = mysql_query($query_ZkL); 
if (!$result_ZkL) { 
    die('Invalid query: ' . mysql_error()); 
} 
$row_ZkL = @mysql_fetch_array($result_ZkL); 
    $ZkL_NO = $row_ZkL["NO_".$Category]; 
    $ZkL_CO = $row_ZkL["CO_".$Category]; 
    $ZkL_NMVOC = $row_ZkL["NMVOC_" .$Category]; 
//Select DR 
$query_DR = "SELECT NOX, CO, NMVOC FROM deterioration_rates WHERE 
YEAR = '$YearForDR';"; 
$result_DR = mysql_query($query_DR); 
if (!$result_DR) { 
    die('Invalid query: ' . mysql_error()); 
} 
$row_DR = @mysql_fetch_array($result_DR); 
    $DR_NOX = $row_DR["NOX"]; 
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    $DR_CO = $row_DR["CO"]; 
    $DR_NMVOC = $row_DR["NMVOC"]; 
 
/*$CO_Kg = ($ZkL_CO+$DR_CO*$CumulativeKm)*$DistanceTravelled/1000;  //OLD 
One */ 
$CO_Kg = 
(((($ZkL_CO+$DR_NMVOC*$CumulativeKm))/$FuelConsumption/38.6)*$DistanceTr
avelled*$Material_Weight*2.5/1000)/1000; 
 
/*$NO_Kg = ($ZkL_NO+$DR_NOX*$CumulativeKm)*$DistanceTravelled/1000; 
//OLD One */ 
$NO_Kg = 
((($ZkL_NO+$DR_NMVOC*$CumulativeKm)/$FuelConsumption/38.6)*$DistanceTra
velled*$Material_Weight*2.5/1000)/1000; 
 
/*$NMVOC_Kg = 
($ZkL_NMVOC+$DR_NMVOC*$CumulativeKm)*$DistanceTravelled/1000; //OLD 
One */ 
$NMVOC_Kg = 
((($ZkL_NMVOC+$DR_NMVOC*$CumulativeKm)/$FuelConsumption/38.6)*2.5*$Dis
tanceTravelled*$Material_Weight/1000)/1000; 
?> 
E.3 MATERIAL CALCULATION 
<?php 
    $Embodied_Energy = ($EECoefficient * $Material_Amount)/1000; 
    $Embodied_Emissions = ($ECCoefficient * $Material_Amount)/1000; 
?> 
E.4 ELECTRICITY CALCULATION 
<?php 
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    $ElId = $_POST["ElId"]; 
    $TElId = $_POST["TElId"]; 
    include "../Connection/Connection.php"; 
//Insert Analysis for electricity 
$query_SelectElectricity = "SELECT States_Territories, month1, month2, 
Electricity_Usage, Construction_Stage FROM analysis_for_electricity WHERE 
Electricity_Id = '$ElId' ORDER BY Electricity_Id ASC;"; 
$result_SelectElectricity = mysql_query($query_SelectElectricity); 
if (!$result_SelectElectricity) { 
    die('Invalid query: ' . mysql_error()); 
} 
$row_SelectElectricity = @mysql_fetch_array($result_SelectElectricity); 
    $Table_States_Territories = $row_SelectElectricity['States_Territories']; 
    $Usage_Month1 = $row_SelectElectricity['month1']; 
    $Usage_Month2 = $row_SelectElectricity['month2']; 
    $Electricity_Usage = $row_SelectElectricity['Electricity_Usage']; 
    $E_Construction_Stage = $row_SelectElectricity['Construction_Stage']; 
?> 
<div class="form-group"> 
    <label for="MId" class="col-sm-4 control-label">ID</label> 
    <div class="col-sm-8"> 
        <input type="hidden" class="form-control" name="ElIdd" id="ElIdd" readonly 
required="" placeholder="Id" value="<?php echo "$ElId"; ?>"> 
        <input type="text" class="form-control" name="ElId" id="ElId" 
disabled="disabled" required="" placeholder="Id" value="<?php echo "$TElId"; ?>"> 
    </div> 
</div> 
<div class="form-group"> 
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    <label for="MaterialType" class="col-sm-4 control-label">State and 
Territory</label> 
    <div class="col-sm-8"> 
        <select class="form-control" name="StateTerritory" id="StateTerritory" 
required=""> 
            <option value="">Select One</option> 
            <?php 
            //Select Material 
            $query_StateTerritory = "SELECT Electricity_Id, States_Territories FROM 
electricity;"; 
            $result_StateTerritory = mysql_query($query_StateTerritory); 
            if (!$result_StateTerritory){die('Invalid query: ' . mysql_error());} 
            while ($row_StateTerritory = @mysql_fetch_array($result_StateTerritory)){ 
                $Electricity_Id = $row_StateTerritory['Electricity_Id']; 
                $States_Territories = $row_StateTerritory['States_Territories']; ?> 
                <option value="<?php echo "$Electricity_Id"; ?>" <?php if($Electricity_Id 
== $Table_States_Territories) { echo "selected"; } ?> ><?php echo 
"$States_Territories"; ?></option> 
            <?php } ?> 
        </select> 
    </div> 
</div> 
<div class="form-group"> 
    <label for="Month" class="col-sm-4 control-label">Month</label> 
    <div class="col-sm-4"> 
        <div class='input-group date'> 
            <input type='text' class="form-control monthpicker" id='monthpicker1' 
name="monthpicker1" placeholder="Month" required="" value="<?php echo 
"$Usage_Month1"; ?>"/> 
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            <span class="input-group-addon"> 
                <span class="glyphicon glyphicon-calendar"></span> 
            </span> 
        </div> 
    </div> 
 
    <div class="col-sm-4"> 
        <div class='input-group date'> 
            <input type='text' class="form-control monthpicker" id='monthpicker2' 
name="monthpicker2" placeholder="Month" required="" value="<?php echo 
"$Usage_Month2"; ?>"/> 
            <span class="input-group-addon"> 
                <span class="glyphicon glyphicon-calendar"></span> 
            </span> 
        </div> 
    </div> 
</div> 
<div class="form-group"> 
    <label for="Amount" class="col-sm-4 control-label">Usage</label> 
    <div class="col-sm-8"> 
        <div class="input-group"> 
            <input type="text" class="form-control" name="UsageEl" id="UsageEl" 
required="" placeholder="Usage" maxlength="6" value="<?php echo 
"$Electricity_Usage"; ?>"> 
            <span class="input-group-addon">units</span> 
        </div> 
    </div> 
</div> 
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<div class="form-group"> 
    <label for="ConstStg" class="col-sm-4 control-label">Construction stage</label> 
    <div class="col-sm-8"> 
        <select class="form-control" name="ElectricityConstStg" 
id="ElectricityConstStg" required=""> 
            <option value="">Select one</option> 
            <option value="Foundation">Foundation</option> 
            <option value="Structure">Structure</option> 
        </select> 
        <script type="text/javascript" 
language="JavaScript">$("#ElectricityConstStg").val("<?php echo 
"$E_Construction_Stage"; ?>");</script> 
    </div> 
</div> 
<!--DatePicker--> 
<script type="text/javascript" language="JavaScript"> 
    $(".monthpicker").datepicker( { 
        format: "yyyy-mm", 
        viewMode: "months", 
        endDate: '+0d', 
        autoclose: true, 
        minViewMode: "months" 
    }); 
</script> 
<?php mysql_close($link); ?> 
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E.5 ACTIVITY EMISSIONS CALCUALATIONS 
<?php 
    include ("../Session/Session.php"); 
    $ceet_error = array("fales"); /* For Errors and Warnings. 
array("true/fales",'Tab','Input Data','Activity','Description'); */ 
    if (isset($_POST["InsertActivity"])) { 
        //$ActId = $_POST["ActId"]; 
        $ActName = $_POST["ActName"]; 
        $ActHours = $_POST["ActHours"]; 
        $ConstStg = $_POST["ConstStg"]; 
        //Add Activity 
        $query_AddActivity = "INSERT INTO `activity` (`Activity_Id`, `Activity_Name`, 
`Activity_Duration`, `Activity_Construction_Stage`, `Project_Id`, `User_Id`) VALUES 
(NULL, '$ActName', '$ActHours', '$ConstStg', '$Project_Id', '$User_Id');"; 
        $result_AddActivity = mysql_query($query_AddActivity); 
        if (!$result_AddActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
    } /* Insert Activity */ 
    elseif (isset ($_POST["DeleteActivity"])) { 
        $ActId = $_POST["ActIdd"]; 
        //Delete Activity 
        $query_DeleteActivity = "DELETE FROM `activity` WHERE `Activity_Id` = 
'$ActId';"; 
        $result_DeleteActivity = mysql_query($query_DeleteActivity); 
        if (!$result_DeleteActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
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    } /* Delete Activity */ 
    elseif (isset ($_POST["UpdateActivity"])) { 
        $ActId = $_POST["ActIdd"]; 
        $ActName = $_POST["ActName"]; 
        $ActHours = $_POST["ActHours"]; 
        $ConstStg = $_POST["ConstStg"]; 
        //Add Activity 
        $query_AddActivity = "UPDATE `activity` SET `Activity_Name` = '$ActName', 
`Activity_Duration` = '$ActHours', `Activity_Construction_Stage`='$ConstStg' 
WHERE `Activity_Id` = '$ActId';"; 
        $result_AddActivity = mysql_query($query_AddActivity); 
        if (!$result_AddActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
    } /* Update Activity */ 
    elseif (isset ($_POST["InsertEquipment"])) { 
        $Activity_Id = $_POST["ActNameE"]; 
        $Machine_Id = $_POST["MachID"]; 
        $UsageHours = $_POST["MachHours"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("Usage_Hours","equipment","Machine_Id",$Machine_Id,"UsageHours","",
$Project_Id,$User_Id); 
        if ($Remaining >= $UsageHours) { 
            include_once ("EquipmentCalculation.php"); /* Activity Equipment Calculation 
is done in this PHP */ 
            //Insert Analysis for Activity 
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            $query_AddActivity = "INSERT INTO activity_equipment (`Activity_Id`, 
`Machine_Id`, `Model`, `UsageHours`, `HC`, `CO`, `NOx`, `CO2`, `PM`, `SO2`, 
`Project_Id`, `User_Id`) VALUES ('$Activity_Id', '$Machine_Id', '$Table_Model', 
'$UsageHours', '$HC', '$CO', '$NOx', '$CO2', '$PM', '$SO2', '$Project_Id', 
'$User_Id')"; 
            $result_AddActivity = mysql_query($query_AddActivity); 
            if(mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AE','','Equipment','You can not enter same 
<strong>Equipment</strong> to same <strong>Activity</strong>.'); 
            } 
            elseif (!$result_AddActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
        } 
        else { 
            $ceet_error=array("true",'AE','Equipment','Equipment','You can not enter 
more than <strong>Equipment Usage Hours</strong> ('.$Remaining.').'); 
        } 
    } /* Insert Equipment Activity */ 
    elseif (isset ($_POST["DeleteEquipment"])) { 
        $Activity_Id = $_POST["ActNameE"]; 
        $Machine_Id = $_POST["MachID"]; 
        //Delete Equipment Activity 
        $query_DeleteEquipmentActivity = "DELETE FROM `activity_equipment` 
WHERE `Activity_Id` = '$Activity_Id' AND `Machine_Id` = '$Machine_Id';"; 
        $result_DeleteEquipmentActivity = 
mysql_query($query_DeleteEquipmentActivity); 
        if (!$result_DeleteEquipmentActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
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    } /* Delete Equipment Activity */ 
    elseif (isset ($_POST["UpdateEquipment"])) { 
 
        $AId=$_POST["AId"]; 
        $Activity_Id = $_POST["ActNameE"]; 
        $EId=$_POST["EId"]; 
        $Machine_Id = $_POST["MachID"]; 
        $UsageHours = $_POST["MachHours"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("Usage_Hours","equipment","Machine_Id",$Machine_Id,"UsageHours",$
Activity_Id,$Project_Id,$User_Id); 
        if ($Remaining >= $UsageHours) { 
            include ("EquipmentCalculation.php"); /* Activity Equipment Calculation is 
done in this PHP */ 
            //Update Analysis for Activity 
            $query_UpdateEActivity = "UPDATE activity_equipment SET `Activity_Id` = 
'$Activity_Id',`Machine_Id` = '$Machine_Id', `Model` = '$Table_Model', `UsageHours` 
= '$UsageHours', `HC` = '$HC', `CO` = '$CO', `NOx` = '$NOx', `CO2` = '$CO2', `PM` 
= '$PM', `SO2` = '$SO2' WHERE `Activity_Id` = '$AId' AND `Machine_Id` = '$EId' 
AND Project_Id = '$Project_Id' AND User_Id = '$User_Id';"; 
            $result_UpdateEActivity = mysql_query($query_UpdateEActivity); 
            if(mysql_errno() == 1062) { /* 1062. Duplicate entry '1' for key 'PRIMARY' */ 
                $ceet_error=array("true",'AE','','Equipment','You can not enter same 
<strong>Equipment</strong> to same <strong>Activity.'); 
            } 
            elseif (!$result_UpdateEActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
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        } else { 
            $ceet_error=array("true",'AE','Equipment','Equipment','You can not enter 
more than <strong>Equipment Usage Hours</strong> ('.$Remaining.').'); 
        } 
    } /* Update Equipment Activity */ 
    elseif (isset($_POST["InsertMaterial"])) { 
        //$AMId = $_POST["AMId"]; 
        $Material_Activity_Id = $_POST["ActMName"]; 
        $Material_Id = $_POST["MatID"]; 
        $Material_Amount = $_POST["MatAmount"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("Amount","materials","Material_Id",$Material_Id,"Amount","",$Project_Id,
$User_Id); 
        if ($Remaining >= $Material_Amount) { 
            include_once ("MaterialCalculation.php"); /* Material Calculation is done in 
this PHP */ 
            //Insert Analysis for Material Activity 
            $query_AddMActivity = "INSERT INTO activity_materials (`Activity_Id`, 
`Material_Id`, `Amount`, `Embodied_Emissions`, `Project_Id`, `User_Id`) VALUES 
('$Material_Activity_Id', '$Material_Id', '$Material_Amount', '$EmbodiedEmissions', 
'$Project_Id', '$User_Id')"; 
            $result_AddMActivity = mysql_query($query_AddMActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AM','','Materials','You can not enter same 
<strong>Material</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_AddMActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
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        } else { 
            $ceet_error=array("true",'AM','Materials','Materials','You can not enter more 
than <strong>Material Amount</strong> ('.$Remaining.').'); 
        } 
    } /* Insert Material Activity */ 
    elseif (isset($_POST["DeleteMaterial"])) { 
        //$AMId = $_POST["AMId"]; 
        $ActMName = $_POST["ActMName"]; 
        $MatID = $_POST["MatID"]; 
        //Delete Material Activity 
        $query_DeleteMActivity = "DELETE FROM activity_materials WHERE 
`Activity_Id` = '$ActMName' AND `Material_Id` = '$MatID';"; 
        $result_DeleteMActivity = mysql_query($query_DeleteMActivity); 
        if (!$result_DeleteMActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
    } /* Delete Material Activity */ 
    elseif (isset($_POST["UpdateMaterial"])) { 
        //$AMId = $_POST["AMId"]; 
        $AId = $_POST["AId"]; 
        $Material_Activity_Id = $_POST["ActMName"]; 
        $MId = $_POST["MId"]; 
        $Material_Id = $_POST["MatID"]; 
        $Material_Amount = $_POST["MatAmount"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
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        $Remaining = 
Remaining("Amount","materials","Material_Id",$Material_Id,"Amount",$Material_Activ
ity_Id,$Project_Id,$User_Id); 
        if ($Remaining >= $Material_Amount) { 
            include_once ("MaterialCalculation.php"); /* Material Calculation is done in 
this PHP */ 
            //Update Analysis for Material Activity 
            $query_UpdateMActivity = "UPDATE `activity_materials` SET `Activity_Id` = 
'$Material_Activity_Id', `Material_Id` = '$Material_Id', `Amount` = '$Material_Amount', 
`Embodied_Emissions` = '$EmbodiedEmissions' WHERE `Activity_Id` = '$AId' AND 
`Material_Id` = '$MId' AND Project_Id = '$Project_Id' AND User_Id = '$User_Id';"; 
            $result_UpdateMActivity = mysql_query($query_UpdateMActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AM','','Materials','You can not enter same 
<strong>Material</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_UpdateMActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
        } else { 
            $ceet_error=array("true",'AM','Materials','Materials','You can not enter more 
than <strong>Material Amount</strong> ('.$Remaining.').'); 
        } 
 
    } /* Update Material Activity */ 
    elseif (isset($_POST["InsertTransport"])) { 
        //$ATId = $_POST["ATId"]; 
        $Transportation_Activity_Id = $_POST["ActTName"]; 
        $Transportation_Id = $_POST["MTransport"]; 
        $Transportation_Material_Amount = $_POST["Material_Amount"]; 
312 
 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("Material_Weight","transportation","Transportation_Id",$Transportation_I
d,"Amount","",$Project_Id,$User_Id); 
        if ($Remaining >= $Transportation_Material_Amount) { 
            //Insert Activity Transportation 
            $query_AddTActivity = "INSERT INTO activity_transportation (`Activity_Id`, 
`Transportation_Id`, `Amount`, `Project_Id`, `User_Id`) VALUES 
('$Transportation_Activity_Id', '$Transportation_Id', 
'$Transportation_Material_Amount', '$Project_Id', '$User_Id')"; 
            $result_AddTActivity = mysql_query($query_AddTActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AT','','Transportation','You can not enter same 
<strong>Transportation</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_AddTActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
        } else { 
            $ceet_error=array("true",'AT','Transportation','Transportation','You can not 
enter <strong>More than</strong> you transporting ('.$Remaining.').'); 
        } 
    } /* Insert Transport Activity */ 
    elseif (isset($_POST["DeleteTransport"])) { 
        //$ATId = $_POST["ATId"]; 
        $ActTName = $_POST["ActTName"]; 
        $Transport = $_POST["MTransport"]; 
        //Delete Transport Activity 
        $query_DeleteTActivity = "DELETE FROM activity_transportation WHERE 
`Activity_Id` = '$ActTName' AND `Transportation_Id` = '$Transport';"; 
313 
 
        $result_DeleteTActivity = mysql_query($query_DeleteTActivity); 
        if (!$result_DeleteTActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
    } /* Delete Transport Activity */ 
    elseif (isset($_POST["UpdateTransport"])) { 
        //$ATId = $_POST["ATId"]; 
        $AId = $_POST["AId"]; 
        $Transportation_Activity_Id = $_POST["ActTName"]; 
        $TId = $_POST["TId"]; 
        $Transportation_Id = $_POST["MTransport"]; 
        $Transportation_Material_Amount = $_POST["Material_Amount"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("Material_Weight","transportation","Transportation_Id",$Transportation_I
d,"Amount",$Transportation_Activity_Id,$Project_Id,$User_Id); 
        if ($Remaining >= $Transportation_Material_Amount) { 
            //Insert Activity Transportation 
            $query_AddTActivity = "UPDATE activity_transportation SET `Activity_Id` = 
'$Transportation_Activity_Id', `Transportation_Id` = '$Transportation_Id', `Amount` = 
'$Transportation_Material_Amount' WHERE `Activity_Id` = '$AId' AND 
`Transportation_Id` = '$TId';"; 
            $result_AddTActivity = mysql_query($query_AddTActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AT','','Transportation','You can not enter same 
<strong>Transportation</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_AddTActivity) { 
                die('Invalid query: ' . mysql_error()); 
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            } 
        } else { 
            $ceet_error=array("true",'AT','Transportation','Transportation','You can not 
enter <strong>More than</strong> you transporting ('.$Remaining.').'); 
        } 
    } /* Update Transport Activity */ 
    elseif (isset($_POST["InsertElectricityEquipment"])) { 
        $Electricity_Equipments_Activity_Id = $_POST["ActNameEE"]; 
        $Electricity_Equipments_Id = $_POST["ElEId"]; 
        $UsageHours = $_POST["UsageHours"]; 
        $Efficiency = $_POST["Efficiency"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("electricity_equipments_Usage","electricity_equipments","electricity_equi
pments_Id",$Electricity_Equipments_Id,"UsageHours","",$Project_Id,$User_Id); 
        if ($Remaining >= $UsageHours) { 
            include_once ("Electricity_Equipment_Calculation.php"); 
            //Insert Activity Electricity Equipment 
            $query_AddEEActivity = "INSERT INTO activity_electricity_equipments 
(`Activity_Id`,`electricity_equipments_Id`,`UsageHours`,`Efficiency`,`Emissions`,`Proj
ect_Id`,`User_Id`) VALUES('$Electricity_Equipments_Activity_Id', 
'$Electricity_Equipments_Id', '$UsageHours', '$Efficiency', '$Electricity_Emission', 
'$Project_Id', '$User_Id')"; 
            $result_AddEEActivity = mysql_query($query_AddEEActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AEE','','Electricity Equipment','You can not enter 
same <strong>Transportation</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_AddEEActivity) { 
                die('Invalid query: ' . mysql_error()); 
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            } 
        } else { 
            $ceet_error=array("true",'AEE','Electricity Equipment','Electricity 
Equipment','You can not enter <strong>More than</strong> you transporting 
('.$Remaining.').'); 
        } 
    } /* Insert Electricity Equipment Activity */ 
    elseif (isset($_POST["DeleteElectricityEquipment"])) { 
        $Activity_Id = $_POST["ActTName"]; 
        $Electricity_Equipments_Id = $_POST["MTransport"]; 
        //Delete Transport Activity 
        $query_DeleteEEActivity = "DELETE FROM activity_electricity_equipments 
WHERE `Activity_Id` = '$Activity_Id' AND `electricity_equipments_Id` = 
'$Electricity_Equipments_Id' AND `Project_Id`='$Project_Id' AND 
`User_Id`='$User_Id';"; 
        $result_DeleteEEActivity = mysql_query($query_DeleteEEActivity); 
        if (!$result_DeleteEEActivity) { 
            die('Invalid query: ' . mysql_error()); 
        } 
    } /* Delete Electricity Equipment Activity */ 
    elseif (isset($_POST["UpdateElectricityEquipment"])) { 
        $Electricity_Equipments_Activity_Id = $_POST["ActNameEE"]; 
        $Electricity_Equipments_Id = $_POST["ElEId"]; 
        $UsageHours = $_POST["UsageHours"]; 
        $Efficiency = $_POST["Efficiency"]; 
        include_once ("Remaining.php"); /* Remaining Calculation is done in this PHP 
*/ 
        $Remaining = 
Remaining("electricity_equipments_Usage","electricity_equipments","electricity_equi
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pments_Id",$Electricity_Equipments_Id,"UsageHours",$Electricity_Equipments_Activ
ity_Id,$Project_Id,$User_Id); 
 
        if ($Remaining >= $UsageHours) { 
            include_once ("Electricity_Equipment_Calculation.php"); 
            //Insert Activity Electricity Equipment 
            $query_UpdateEEActivity = "UPDATE activity_electricity_equipments SET 
`Activity_Id`='$Electricity_Equipments_Activity_Id',`electricity_equipments_Id`='$Elec
tricity_Equipments_Id',`UsageHours`='$UsageHours',`Efficiency`='$Efficiency',`Emis
sions`='$Electricity_Emission' WHERE 
`Activity_Id`='$Electricity_Equipments_Activity_Id' AND 
`electricity_equipments_Id`='$Electricity_Equipments_Id' AND 
`Project_Id`='$Project_Id' AND `User_Id`='$User_Id';"; 
            $result_UpdateEEActivity = mysql_query($query_UpdateEEActivity); 
            if (mysql_errno() == 1062) { /*1062. Duplicate entry '1' for key 'PRIMARY'*/ 
                $ceet_error=array("true",'AEE','','Electricity Equipment','You can not enter 
same <strong>Transportation</strong> to same <strong>Activity</strong>.'); 
            } elseif (!$result_UpdateEEActivity) { 
                die('Invalid query: ' . mysql_error()); 
            } 
        } else { 
            $ceet_error=array("true",'AEE','Electricity Equipment','Electricity 
Equipment','You can not enter <strong>More than</strong> you transporting 
('.$Remaining.').'); 
        } 
    } /* Update Electricity Equipment Activity */ 
?> 
<!DOCTYPE html> 
<html lang="en"> 
<head> 
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    <meta charset="utf-8"> 
    <meta http-equiv="X-UA-Compatible" content="IE=edge"> 
    <meta name="viewport" content="width=device-width, initial-scale=1"> 
    <title>CEET | Activity</title> 
    <!--Favicon--> 
    <link rel="shortcut icon" href="../_include/img/favicon.ico" type="image/x-icon" /> 
    <!-- Bootstrap --> 
    <link rel="stylesheet" type="text/css" href="../_include/lib/bootstrap-3.3.6-
dist/css/bootstrap.min.css"> 
    <!-- Font Awesome --> 
    <link rel="stylesheet" href="../_include/lib/font-awesome-4.5.0/css/font-
awesome.min.css"> 
    <!-- DataTables CSS --> 
    <link rel="stylesheet" type="text/css" href="../_include/lib/DataTables-
1.10.10/css/dataTables.bootstrap.css"> 
    <!-- Custom CSS --> 
    <link rel="stylesheet" href="../_include/css/style.css"> 
</head> 
<body> 
    <!-- Google Analytics --> 
    <?php include_once("../Tracking/analyticstracking.php") ?> 
 
    <nav class="navbar navbar-default navbar-fixed-top"> 
        <div class="container-fluid"> 
            <!-- Brand and toggle get grouped for better mobile display --> 
            <div class="navbar-header"> 
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                <button type="button" class="navbar-toggle collapsed" data-
toggle="collapse" data-target="#bs-example-navbar-collapse-1" aria-
expanded="false"> 
                    <span class="sr-only">Toggle navigation</span> 
                    <span class="icon-bar"></span> 
                    <span class="icon-bar"></span> 
                    <span class="icon-bar"></span> 
                </button> 
                <a class="navbar-brand" href="#">CEET</a> 
            </div> 
            <!-- Collect the nav links, forms, and other content for toggling --> 
            <div class="collapse navbar-collapse" id="bs-example-navbar-collapse-1"> 
                <ul class="nav navbar-nav"> 
                    <li><a href="../Project/">Project</a></li> 
                    <li><a href="../InputData/">Input Data</a></li> 
                    <li class="active"><a href="../Activity/">Activity <span class="sr-
only">(current)</span></a></li> 
                    <li><a href="../Output/">Output</a></li> 
                    <li><a href="../Validation/">Validation</a></li> 
                </ul> 
                <ul class="nav navbar-nav navbar-right"> 
                    <li class="dropdown"> 
                        <a href="#" class="dropdown-toggle" data-toggle="dropdown" 
role="button" aria-haspopup="true" aria-expanded="false"> 
                            <img src="../image/team/1.jpg" alt="User" class="img-circle" 
style="height: 18px;"> 
                            <?php echo "$User_Name"; ?> <span class="caret"></span> 
                        </a> 
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                        <ul class="dropdown-menu"> 
                            <li><a href="#"><img src="../image/team/1.jpg" alt="User" 
class="img-circle" style="height: 75px; align-items: center;"> </a></li> 
                            <li><a href="#">Profile</a></li> 
                            <li><a href="../FeedBack/">FeedBack</a></li> 
                            <li role="separator" class="divider"></li> 
                            <li><a href="../Logout/">Logout</a></li> 
                        </ul> 
                    </li> 
                </ul> 
            </div> 
        </div> 
    </nav> 
    <div class="container"> 
        <div class="well well-lg"> 
            <p><?php echo "$Project_Name"; ?></p> 
        </div> 
        <div class="row"> 
            <!-- Nav tabs --> 
            <ul class="nav nav-tabs" role="tablist" id="entryTab"> 
                <li role="presentation" class="active"><a href="#Activity" aria-
controls="Activity" role="tab" data-toggle="tab">Activity</a></li> 
                <li role="presentation"><a href="#Equipment" aria-controls="Equipment" 
role="tab" data-toggle="tab"><span class="fa fa-wrench" aria-hidden="true"></span> 
Equipment</a></li> 
                <li role="presentation"><a href="#Materials" aria-controls="Materials" 
role="tab" data-toggle="tab"><span class="fa fa-recycle" aria-hidden="true"></span> 
Materials</a></li> 
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                <li role="presentation"><a href="#Transport" aria-controls="Transport" 
role="tab" data-toggle="tab"><span class="fa fa-truck" aria-hidden="true"></span> 
Transport</a></li> 
                <li role="presentation"><a href="#ElectricityEquipment" aria-
controls="ElectricityEquipment" role="tab" data-toggle="tab"><span class="fa fa-bolt" 
aria-hidden="true"></span><span class="fa fa-wrench" aria-hidden="true"></span> 
Electricity Equipment</a></li> 
            </ul> 
            <!-- Tab panes --> 
            <div class="tab-content"> 
                <div role="tabpanel" class="tab-pane active" id="Activity"> 
                    <div class="row"><br/></div> 
                    <div class="row"> 
                        <form class="form-horizontal" name="FrmActivity" id="FrmActivity" 
action="" method="post" enctype="multipart/form-data"> 
                            <div class="col-md-6" id="FrmActivityDiv"> 
                                <div class="form-group"> 
                                    <label for="AId" class="col-sm-4 control-label">ID</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="ActId" 
id="ActId" disabled="disabled" required="" placeholder="ID"> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ActName" class="col-sm-4 control-label">Activity 
name</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="ActName" 
id="ActName" required="" placeholder="Activity Name"> 
                                    </div> 
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                                </div> 
                                <div class="form-group"> 
                                    <label for="ActHours" class="col-sm-4 control-label">Activity 
hours</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" class="form-control" name="ActHours" 
id="ActHours" required="" placeholder="Activity Hours"> 
                                            <span class="input-group-addon">hours</span> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ConstStg" class="col-sm-4 control-
label">Construction stage</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ConstStg" 
id="ConstStg" required=""> 
                                            <option>Select one</option> 
                                            <option value="Foundation">Foundation</option> 
                                            <option value="Structure">Structure</option> 
                                        </select> 
                                    </div> 
                                </div> 
                            </div> 
                            <div class="col-md-2"> 
                                <div class="form-group"> 
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                                    <button type="submit" name="InsertActivity" id="InsertActivity" 
class="btn btn-primary"> 
                                        <span class="glyphicon glyphicon-save" aria-
hidden="true"></span> Insert Activity 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="button" class="btn btn-danger" 
name="DeleteActivity" id="DeleteActivity" data-toggle="modal" data-
target="#deleteActModal" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-trash" aria-
hidden="true"></span> Delete Activity 
                                    </button> 
                                    <!-- Modal --> 
                                    <div class="modal fade" id="deleteActModal" tabindex="-1" 
role="dialog" aria-labelledby="myModalLabel"> 
                                        <div class="modal-dialog" role="document"> 
                                            <div class="modal-content"> 
                                                <div class="modal-header"> 
                                                    <button type="button" class="close" data-
dismiss="modal" aria-label="Close"><span aria-
hidden="true">&times;</span></button> 
                                                    <h4 class="modal-title" id="myModalLabel"><span 
class="glyphicon glyphicon-alert" aria-hidden="true"></span> Warning</h4> 
                                                </div> 
                                                <div class="modal-body"> 
                                                    <p id="Model_Make"></p> 
                                                    <p id="Model_ModelNumber"></p> 
                                                    <p>Are you sure you want to delete this 
Activity?</p> 
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                                                </div> 
                                                <div class="modal-footer"> 
                                                    <button type="button" class="btn btn-default" data-
dismiss="modal">Close</button> 
                                                    <button type="submit" name="DeleteActivity" 
id="DeleteActivity" class="btn btn-danger"><span class="glyphicon glyphicon-trash" 
aria-hidden="true"></span> Delete</button> 
                                                </div> 
                                            </div> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="submit" name="UpdateActivity" 
id="UpdateActivity" class="btn btn-warning" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-edit" aria-
hidden="true"></span> Update Activity 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <script type="text/javascript" language="JavaScript">var 
FrmActivityA = ["ActId", "ActName", "ActHours"];</script> 
                                    <button type="button" name="ClearActivity" id="ClearActivity" 
class="btn btn-success" onclick="clearFrm('Activity',FrmActivityA);"> 
                                        <span class="glyphicon glyphicon-erase" aria-
hidden="true"></span> Clear Activity 
                                    </button> 
                                </div> 
                            </div> 
                        </form> 
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                        <div class="col-md-4"> 
                            <div class="panel panel-info"> 
                                <div class="panel-heading">Instructions</div> 
                                <div class="panel-body"> 
                                    <p>Please enter all the activities corresponding to the 
construction of the specific project.</p> 
                                </div> 
                            </div> 
                        </div> 
                    </div> 
                    <div class="row"> 
                        <div class="col-md-12 tablediv"> 
                            <table class="display table table-hover table-bordered" 
id="activity"> 
                                <thead> 
                                    <tr class="active"> <th>#</th> <th>Activity name</th> 
<th>Activity duration</th> <th>Construction stage</th> </tr> 
                                </thead> 
                                <tbody> 
                                <?php 
                                $ActCount = 1; 
                                //Select Activity 
                                $query_Table_Activity = "SELECT Activity_Id, Activity_Name, 
Activity_Duration, Activity_Construction_Stage FROM activity WHERE Project_Id = 
'$Project_Id' AND User_Id = '$User_Id' ORDER BY Activity_Id ASC;"; 
                                $result_Table_Activity = mysql_query($query_Table_Activity); 
                                if (!$result_Table_Activity) { 
                                    die('Invalid query: ' . mysql_error()); 
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                                } 
                                while ($row_Table_Activity = 
@mysql_fetch_array($result_Table_Activity)) { 
                                    $Table_Activity_Id = $row_Table_Activity['Activity_Id']; 
                                    $Table_Activity_Name = 
$row_Table_Activity['Activity_Name']; 
                                    $Table_Activity_Duration = 
$row_Table_Activity['Activity_Duration']; 
                                    $Table_Activity_Construction_Stage = 
$row_Table_Activity['Activity_Construction_Stage']; 
                                    ?> 
                                    <tr onclick="UpdateActivity(<?php echo "$Table_Activity_Id"; 
?>,'Act<?php echo "$ActCount"; ?>')"> <td>Act<?php echo "$ActCount"; ?></td> 
<td><?php echo "$Table_Activity_Name"; ?></td> <td><?php echo 
"$Table_Activity_Duration"; ?></td> <td><?php echo 
"$Table_Activity_Construction_Stage"; ?></td> </tr> 
                                    <?php 
                                    $ActCount++; 
                                } 
                                ?> 
                                </tbody> 
                            </table> 
                        </div> 
                    </div><!-- Table Row --> 
                </div> <!-- Activity --> 
                <div role="tabpanel" class="tab-pane" id="Equipment"> 
 
                    <div class="row"><br/></div> 
                    <div class="row"> 
326 
 
                        <form class="form-horizontal" name="FrmEquipmentActivity" 
id="FrmEquipmentActivity" action="" method="post" enctype="multipart/form-data"> 
                            <div class="col-md-6" id="FrmEquipmentActivityDiv"> 
                                <div class="form-group"> 
                                    <label for="AEId" class="col-sm-4 control-label">ID</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="AEId" 
id="AEId" disabled="disabled" required="" placeholder="ID"> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ActName" class="col-sm-4 control-label">Activity 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ActNameE" 
id="ActNameE" required="" onchange="ActEquipStg(this.value);"> 
                                            <option value="">Select One</option> 
                                            <?php 
                                            // set the pointer back to the beginning 
                                            mysql_data_seek($result_Table_Activity, 0); 
 
                                            while ($row_Table_Activity = 
@mysql_fetch_array($result_Table_Activity)) { 
                                                $Table_Activity_Id = $row_Table_Activity['Activity_Id']; 
                                                $Table_Activity_Name = 
$row_Table_Activity['Activity_Name']; 
                                                ?> 
                                                <option value="<?php echo "$Table_Activity_Id"; 
?>"><?php echo "$Table_Activity_Name"; ?></option> 
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                                            <?php } ?> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group" id="ActEquipStgDiv"> 
                                    <label for="MachID" class="col-sm-4 control-label">Machine 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="MachID" id="MachID" 
required="" onchange="lessEmission(this.value);" readonly=""> 
                                            <option value="">Select One</option> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="MachHours" class="col-sm-4 control-
label">Machine Hours</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" class="form-control" 
name="MachHours" id="MachHours" required="" placeholder="Machine Hours"> 
                                            <span class="input-group-addon">hours</span> 
                                        </div> 
                                    </div> 
                                </div> 
                            </div> 
                            <div class="col-md-2"> 
                                <div class="form-group"> 
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                                    <button type="submit" name="InsertEquipment" 
id="InsertEquipment" class="btn btn-primary"> 
                                        <span class="glyphicon glyphicon-save" aria-
hidden="true"></span> Insert Equipment 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="button" class="btn btn-danger" 
name="DeleteEquipment" id="DeleteEquipment" data-toggle="modal" data-
target="#deleteEquipmentModal" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-trash" aria-
hidden="true"></span> Delete Equipment 
                                    </button> 
                                    <!-- Modal --> 
                                    <div class="modal fade" id="deleteEquipmentModal" 
tabindex="-1" role="dialog" aria-labelledby="myModalLabel"> 
                                        <div class="modal-dialog" role="document"> 
                                            <div class="modal-content"> 
                                                <div class="modal-header"> 
                                                    <button type="button" class="close" data-
dismiss="modal" aria-label="Close"><span aria-
hidden="true">&times;</span></button> 
                                                    <h4 class="modal-title" id="myModalLabel"><span 
class="glyphicon glyphicon-alert" aria-hidden="true"></span> Warning</h4> 
                                                </div> 
                                                <div class="modal-body"> 
                                                    <p id="Model_Make"></p> 
                                                    <p id="Model_ModelNumber"></p> 
                                                    <p>Are you sure you want to delete this 
Activity?</p> 
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                                                </div> 
                                                <div class="modal-footer"> 
                                                    <button type="button" class="btn btn-default" data-
dismiss="modal">Close</button> 
                                                    <button type="submit" name="DeleteEquipment" 
id="DeleteEquipment" class="btn btn-danger"><span class="glyphicon glyphicon-
trash" aria-hidden="true"></span> Delete</button> 
                                                </div> 
                                            </div> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="submit" name="UpdateEquipment" 
id="UpdateEquipment" class="btn btn-warning" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-edit" aria-
hidden="true"></span> Update Equipment 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <script type="text/javascript" language="JavaScript">var 
FrmEquipment = ["AEId", "ActNameE", "MachID", "MachHours"];</script> 
                                    <button type="button" name="ClearEquipment" 
id="ClearEquipment" class="btn btn-success" 
onclick="clearFrm('Equipment',FrmEquipment);"> 
                                        <span class="glyphicon glyphicon-erase" aria-
hidden="true"></span> Clear Equipment 
                                    </button> 
                                </div> 
                            </div> 
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                        </form> 
                        <div class="col-md-4"> 
                            <div class="panel panel-info"> 
                                <div class="panel-heading">Instructions</div> 
                                <div class="panel-body"> 
                                    <p>Please enter all Machine Activity details used in the 
project.</p> 
                                    <p>Don't see your Activities?<br/><a href="../Activity/" 
class="btn btn-info">View Activities</a></p> 
                                </div> 
                            </div> 
                            <div id="Less"> 
                                <!-- Less Emission --> 
                            </div> 
                            <div class="alert alert-danger alert-dismissible" role="alert" 
id="altrAE" style="visibility: hidden;"> 
                                <!-- Error Message for Equipment --> 
                            </div> 
                        </div> 
                    </div> 
                    <div class="row"> 
                        <div class="col-md-12 tablediv"> 
                            <table  class="display table table-hover table-bordered" 
id="equipmentActivity"> 
                                <thead> 
                                    <tr class="active"> <th>#</th> <th>Activity name</th> 
<th>Model number</th> <th>Usage</th> <th>HC</th> <th>CO</th> <th>NOx</th> 
<th>CO2</th> <th>PM</th> <th>SO2</th> </tr> 
                                </thead> 
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                                <tbody> 
                                <?php 
                                $EqActCount = 1; 
                                //Select Equipment Activity 
                                $query_Table_EAnalysisActivity = "SELECT a.Activity_Id, 
a.Machine_Id, act.Activity_Name, e.Model, a.UsageHours, a.HC, a.CO, a.NOx, 
a.CO2, a.PM, a.SO2 FROM activity_equipment AS a JOIN activity AS act ON 
a.Activity_Id = act.Activity_Id JOIN analysis_for_equipment AS e ON a.Machine_Id = 
e.Machine_Id WHERE a.Project_Id = '$Project_Id' AND a.User_Id = '$User_Id' 
ORDER BY a.Activity_Id, a.Machine_Id ASC;"; 
                                $result_Table_EAnalysisActivity = 
mysql_query($query_Table_EAnalysisActivity); 
                                if (!$result_Table_EAnalysisActivity) { 
                                    die('Invalid query: ' . mysql_error()); 
                                } 
                                while ($row_Table_EAnalysisActivity = 
@mysql_fetch_array($result_Table_EAnalysisActivity)) { 
                                    $Table_Activity_Id = 
$row_Table_EAnalysisActivity['Activity_Id']; 
                                    $Table_Machine_Id = 
$row_Table_EAnalysisActivity['Machine_Id']; 
                                    $Table_Activity_Name = 
$row_Table_EAnalysisActivity['Activity_Name']; 
                                    $Table_Model = $row_Table_EAnalysisActivity['Model']; 
                                    $Table_UsageHours = 
$row_Table_EAnalysisActivity['UsageHours']; 
                                    $Table_HC = $row_Table_EAnalysisActivity['HC']; 
                                    $Table_CO = $row_Table_EAnalysisActivity['CO']; 
                                    $Table_NOx = $row_Table_EAnalysisActivity['NOx']; 
                                    $Table_CO2 = $row_Table_EAnalysisActivity['CO2']; 
                                    $Table_PM = $row_Table_EAnalysisActivity['PM']; 
332 
 
                                    $Table_SO2 = $row_Table_EAnalysisActivity['SO2']; 
                                    ?> 
                                    <tr onclick="UpdateAEquipment(<?php echo 
"$Table_Activity_Id"; ?>, <?php echo "$Table_Machine_Id"; ?>, 'AE<?php echo 
"$EqActCount"; ?>');"> 
                                        <td>AE<?php echo "$EqActCount"; ?></td> 
                                        <td><?php echo "$Table_Activity_Name"; ?></td> 
                                        <td><?php echo "$Table_Model"; ?></td> 
                                        <td><?php echo "$Table_UsageHours"; ?></td> 
                                        <td><?php echo "$Table_HC"; ?></td> 
                                        <td><?php echo "$Table_CO"; ?></td> 
                                        <td><?php echo "$Table_NOx"; ?></td> 
                                        <td><?php echo "$Table_CO2"; ?></td> 
                                        <td><?php echo "$Table_PM"; ?></td> 
                                        <td><?php echo "$Table_SO2"; ?></td> 
                                    </tr> 
                                    <?php 
                                    $EqActCount++; 
                                } 
                                ?> 
                                </tbody> 
                            </table> 
                        </div> 
                    </div> <!-- Table Row --> 
                </div> <!-- Activity Equipment --> 
                <div role="tabpanel" class="tab-pane" id="Materials"> 
                    <div class="row"><br/></div> 
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                    <div class="row"> 
                        <form class="form-horizontal" name="FrmMaterialActivity" 
id="FrmMaterialActivity" action="" method="post" enctype="multipart/form-data"> 
                            <div class="col-md-6" id="FrmMaterialActivityDiv"> 
                                <div class="form-group"> 
                                    <label for="AMId" class="col-sm-4 control-label">ID</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="AMId" 
id="AMId" disabled="disabled" required="" placeholder="ID"> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ActName" class="col-sm-4 control-label">Activity 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ActMName" 
id="ActMName" required="" onchange="ActMatStg(this.value);"> 
                                            <option value="">Select One</option> 
                                            <?php 
                                            // set the pointer back to the beginning 
                                            mysql_data_seek($result_Table_Activity, 0); 
                                            while ($row_Table_Activity = 
@mysql_fetch_array($result_Table_Activity)) { 
                                                $Table_Activity_Id = $row_Table_Activity['Activity_Id']; 
                                                $Table_Activity_Name = 
$row_Table_Activity['Activity_Name']; ?> 
                                                <option value="<?php echo "$Table_Activity_Id"; 
?>"><?php echo "$Table_Activity_Name"; ?></option> 
                                            <?php } ?> 
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                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group" id="ActMatStgDiv"> 
                                    <label for="MetID" class="col-sm-4 control-label">Material 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="MatID" id="MatID" 
required="" onchange="lessEmbodied(this.value);" readonly=""> 
                                            <option value="">Select One</option> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="MatUsage" class="col-sm-4 control-
label">Amount</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" class="form-control" 
name="MatAmount" id="MatAmount" required="" placeholder="Material Amount"> 
                                            <span class="input-group-addon">kg</span> 
                                        </div> 
                                    </div> 
                                </div> 
                            </div> 
                            <div class="col-md-2"> 
                                <div class="form-group"> 
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                                    <button type="submit" name="InsertMaterial" 
id="InsertMaterial" class="btn btn-primary"> 
                                        <span class="glyphicon glyphicon-save" aria-
hidden="true"></span> Insert Material 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="button" class="btn btn-danger" 
name="DeleteMaterial" id="DeleteMaterial" data-toggle="modal" data-
target="#deleteMModal" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-trash" aria-
hidden="true"></span> Delete Material 
                                    </button> 
                                    <!-- Modal --> 
                                    <div class="modal fade" id="deleteMModal" tabindex="-1" 
role="dialog" aria-labelledby="myModalLabel"> 
                                        <div class="modal-dialog" role="document"> 
                                            <div class="modal-content"> 
                                                <div class="modal-header"> 
                                                    <button type="button" class="close" data-
dismiss="modal" aria-label="Close"><span aria-
hidden="true">&times;</span></button> 
                                                    <h4 class="modal-title" id="myModalLabel"><span 
class="glyphicon glyphicon-alert" aria-hidden="true"></span> Warning</h4> 
                                                </div> 
                                                <div class="modal-body"> 
                                                    <p id="Model_Make"></p> 
                                                    <p id="Model_ModelNumber"></p> 
                                                    <p>Are you sure you want to delete this 
Activity?</p> 
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                                                </div> 
                                                <div class="modal-footer"> 
                                                    <button type="button" class="btn btn-default" data-
dismiss="modal">Close</button> 
                                                    <button type="submit" name="DeleteMaterial" 
id="DeleteMaterial" class="btn btn-danger"><span class="glyphicon glyphicon-trash" 
aria-hidden="true"></span> Delete</button> 
                                                </div> 
                                            </div> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="submit" name="UpdateMaterial" 
id="UpdateMaterial" class="btn btn-warning" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-edit" aria-
hidden="true"></span> Update Material 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <script type="text/javascript" language="JavaScript">var 
FrmMaterial = ["AMId","ActMName","MatID","MatAmount"];</script> 
                                    <button type="button" name="ClearMaterial" 
id="ClearMaterial" class="btn btn-success" 
onclick="clearFrm('Material',FrmMaterial);"> 
                                        <span class="glyphicon glyphicon-erase" aria-
hidden="true"></span> Clear Material 
                                    </button> 
                                </div> 
                            </div> 
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                        </form> 
                        <div class="col-md-4"> 
                            <div class="panel panel-info"> 
                                <div class="panel-heading">Instructions</div> 
                                <div class="panel-body"> 
                                    <p>Please enter all Material Activity details used in the 
project.</p> 
                                    <p>Don't see your Activities?<br/><a href="../Activity/" 
class="btn btn-info">View Activities</a></p> 
                                </div> 
                            </div> 
                            <div id="LessE"> 
                                <!-- Less Embodied --> 
                            </div> 
                            <div class="alert alert-danger alert-dismissible" role="alert" 
id="altrAM" style="visibility: hidden;"> 
                                <!-- Error Message for Equipment --> 
                            </div> 
                        </div> 
 
                    </div> 
 
                    <div class="row"> 
                        <div class="col-md-12 tablediv"> 
                            <table  class="display table table-hover table-bordered" 
id="materialActivity"> 
                                <thead> 
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                                    <tr class="active"> <th>#</th> <th>Activity name</th> 
<th>Material</th> <th>Amount</th> <th>Embodied Emissions</th> </tr> 
                                </thead> 
                                <tbody> 
                                <?php 
                                $ActMCount = 1; 
                                //Select Activity 
                                $query_Table_MAnalysisActivity = "SELECT a.Activity_Id, 
act.Activity_Name, a.Material_Id, a.Amount, a.Embodied_Emissions FROM 
activity_materials AS a JOIN activity AS act ON act.Activity_Id = a.Activity_Id 
WHERE a.Project_Id = '$Project_Id' AND a.User_Id = '$User_Id' ORDER BY 
a.Activity_Id, a.Material_Id ASC;"; 
                                $result_Table_MAnalysisActivity = 
mysql_query($query_Table_MAnalysisActivity); 
                                if (!$result_Table_MAnalysisActivity) { 
                                    die('Invalid query: ' . mysql_error()); 
                                } 
                                while ($row_Table_MAnalysisActivity = 
@mysql_fetch_array($result_Table_MAnalysisActivity)) { 
                                    $Table_MActivity_Id = 
$row_Table_MAnalysisActivity['Activity_Id']; 
                                    $Table_MActivity_Name = 
$row_Table_MAnalysisActivity['Activity_Name']; 
                                    $Table_MMaterial_Id = 
$row_Table_MAnalysisActivity['Material_Id']; 
                                    $Table_MAmount = $row_Table_MAnalysisActivity['Amount']; 
                                    $Table_MEmbodied_Emissions = 
$row_Table_MAnalysisActivity['Embodied_Emissions']; 
                                    //Select Analysis for Equipment 
                                    $query_TAAnalysisMaterial = "SELECT i.MI_Name, 
d.Description FROM analysis_for_materials AS a JOIN material_index AS i ON 
a.Material_Type = i.MI_Id JOIN material_description AS d ON a.Description = 
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d.Md_Id WHERE a.Material_Id = '$Table_MMaterial_Id' AND a.Project_Id = 
'$Project_Id' AND a.User_Id = '$User_Id' ORDER BY a.Material_Id ASC;"; 
                                    $result_TAAnalysisMaterial = 
mysql_query($query_TAAnalysisMaterial); 
                                    if (!$result_TAAnalysisMaterial) { 
                                        die('Invalid query: ' . mysql_error()); 
                                    } 
                                    $row_TAAnalysisMaterial = 
@mysql_fetch_array($result_TAAnalysisMaterial); 
                                    $Table_AName = $row_TAAnalysisMaterial['MI_Name']; 
                                    $Table_ADescription = 
$row_TAAnalysisMaterial["Description"]; 
                                    ?> 
                                    <tr onclick="UpdateAMaterials(<?php echo 
"$Table_MActivity_Id"; ?>,<?php echo "$Table_MMaterial_Id"; ?>,'AM<?php echo 
"$ActMCount"; ?>');"> 
                                        <td>AM<?php echo "$ActMCount"; ?></td> 
                                        <td><?php echo "$Table_MActivity_Name"; ?></td> 
                                        <td><?php echo "$Table_AName $Table_ADescription"; 
?></td> 
                                        <td><?php echo "$Table_MAmount"; ?></td> 
                                        <td><?php echo "$Table_MEmbodied_Emissions"; ?></td> 
                                    </tr> 
                                    <?php 
                                    $ActMCount++; 
                                } 
                                ?> 
                                </tbody> 
                            </table> 
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                        </div> 
                    </div> <!-- Table Row --> 
                </div> <!-- Activity Materials --> 
                <div role="tabpanel" class="tab-pane" id="Transport"> 
                    <div class="row"><br/></div> 
                    <div class="row"> 
                        <form class="form-horizontal" name="FrmTranActivity" 
id="FrmTranActivity" action="" method="post" enctype="multipart/form-data"> 
                            <div class="col-md-6" id="FrmTransportActivityDiv"> 
                                <div class="form-group"> 
                                    <label for="AId" class="col-sm-4 control-label">ID</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="ATId" 
id="ATId" disabled="disabled" required="" placeholder="ID"> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ActName" class="col-sm-4 control-label">Activity 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ActTName" 
id="ActTName" required="" onchange="ActTranStg(this.value);"> 
                                            <option value="">Select One</option> 
                                            <?php 
                                            // set the pointer back to the beginning 
                                            mysql_data_seek($result_Table_Activity, 0); 
                                            while ($row_Table_Activity = 
@mysql_fetch_array($result_Table_Activity)) { 
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                                                $Table_Activity_Id = $row_Table_Activity['Activity_Id']; 
                                                $Table_Activity_Name = 
$row_Table_Activity['Activity_Name']; 
                                                ?> 
                                                <option value="<?php echo "$Table_Activity_Id"; 
?>"><?php echo "$Table_Activity_Name"; ?></option> 
                                            <?php } ?> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group" id="ActTranStgDiv"> 
                                    <label for="Transport" class="col-sm-4 control-
label">Transport</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="MTransport" 
id="MTransport" required="" onchange="transportM(this.value);" readonly=""> 
                                            <option value="">Select One</option> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="Material" class="col-sm-4 control-
label">Material</label> 
                                    <div class="col-sm-8"> 
                                        <p id="MetalicTran" class="form-control-static"></p> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
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                                    <label for="Material_Amount" class="col-sm-4 control-
label">Material Amount</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" name="Material_Amount" 
id="Material_Amount" class="form-control" placeholder="Material Amount" 
required=""> 
                                            <span class="input-group-addon">kg</span> 
                                        </div> 
                                    </div> 
                                </div> 
                            </div> 
                            <div class="col-md-2"> 
                                <div class="form-group"> 
                                    <button type="submit" name="InsertTransport" 
id="InsertTransport" class="btn btn-primary"> 
                                        <span class="glyphicon glyphicon-save" aria-
hidden="true"></span> Insert Transport 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="button" class="btn btn-danger" 
name="DeleteTransport" id="DeleteTransport" data-toggle="modal" data-
target="#deleteTransportModal" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-trash" aria-
hidden="true"></span> Delete Transport 
                                    </button> 
 
                                    <!-- Modal --> 
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                                    <div class="modal fade" id="deleteTransportModal" 
tabindex="-1" role="dialog" aria-labelledby="myModalLabel"> 
                                        <div class="modal-dialog" role="document"> 
                                            <div class="modal-content"> 
                                                <div class="modal-header"> 
                                                    <button type="button" class="close" data-
dismiss="modal" aria-label="Close"><span aria-
hidden="true">&times;</span></button> 
                                                    <h4 class="modal-title" id="myModalLabel"><span 
class="glyphicon glyphicon-alert" aria-hidden="true"></span> Warning</h4> 
                                                </div> 
                                                <div class="modal-body"> 
                                                    <p id="Model_Make"></p> 
                                                    <p id="Model_ModelNumber"></p> 
                                                    <p>Are you sure you want to delete this 
Transport?</p> 
                                                </div> 
                                                <div class="modal-footer"> 
                                                    <button type="button" class="btn btn-default" data-
dismiss="modal">Close</button> 
                                                    <button type="submit" name="DeleteTransport" 
id="DeleteTransport" class="btn btn-danger"><span class="glyphicon glyphicon-
trash" aria-hidden="true"></span> Delete</button> 
                                                </div> 
                                            </div> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
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                                    <button type="submit" name="UpdateTransport" 
id="UpdateTransport" class="btn btn-warning" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-edit" aria-
hidden="true"></span> Update Transport 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <script type="text/javascript" language="JavaScript">var 
FrmTransport = ["ATId","ActTName","MTransport","Material_Amount"];</script> 
                                    <button type="button" name="ClearTransport" 
id="ClearTransport" class="btn btn-success" 
onclick="clearFrm('Transport',FrmTransport);"> 
                                        <span class="glyphicon glyphicon-erase" aria-
hidden="true"></span> Clear Transport 
                                    </button> 
                                </div> 
                            </div> 
                        </form> 
                        <div class="col-md-4"> 
                            <div class="panel panel-info"> 
                                <div class="panel-heading">Panel heading</div> 
                                <div class="panel-body"> 
                                    <p>...</p> 
                                    <p>Don't see your Activities?<br/><a href="../Activity/" 
class="btn btn-info">View Activities</a></p> 
                                </div> 
                            </div> 
                            <div class="alert alert-danger alert-dismissible" role="alert" 
id="altrAT" style="visibility: hidden;"> 
                                <!-- Error Message for Transport --> 
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                            </div> 
                        </div> 
                    </div> 
                    <div class="row"> 
 
                        <div class="col-md-12 tablediv"> 
                            <table class="display table table-hover table-bordered" 
id="transportActivity"> 
                                <thead> 
                                    <tr class="active"> <th>#</th> <th>Activity name</th> 
<th>Transportation Id</th> <th>Amount</th> </tr> 
                                </thead> 
                                <tbody> 
                                <?php 
                                $ActTCount = 1; 
                                //Select Activity 
                                $query_Table_TActivity = "SELECT at.Activity_Id, 
a.Activity_Name, at.Transportation_Id, alt.Category, alt.Built_Year, alt.Fuel, 
at.Amount FROM activity_transportation AS at JOIN activity AS a ON at.Activity_Id = 
a.Activity_Id JOIN analysis_for_transportation AS alt ON at.Transportation_Id = 
alt.Transportation_Id WHERE at.Project_Id = '$Project_Id' AND at.User_Id = 
'$User_Id' ORDER BY at.Activity_Id, at.Transportation_Id ASC;"; 
                                $result_Table_TActivity = mysql_query($query_Table_TActivity); 
                                if (!$result_Table_TActivity) { 
                                    die('Invalid query: ' . mysql_error()); 
                                } 
                                while ($row_Table_TActivity = 
@mysql_fetch_array($result_Table_TActivity)) { 
                                    $Table_TActivity_Id = $row_Table_TActivity['Activity_Id']; 
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                                    $Table_TActivity_Name = 
$row_Table_TActivity['Activity_Name']; 
                                    $Table_TTransportation_Id = 
$row_Table_TActivity['Transportation_Id']; 
                                    $Table_TCategory = $row_Table_TActivity['Category']; 
                                    $Table_TBuilt_Year = $row_Table_TActivity['Built_Year']; 
                                    $Table_TFuel = $row_Table_TActivity['Fuel']; 
                                    $Table_TMAmount = $row_Table_TActivity['Amount']; ?> 
                                    <tr onclick="UpdateATransport(<?php echo 
"$Table_TActivity_Id"; ?>,<?php echo "$Table_TTransportation_Id"; ?>,'AT<?php 
echo "$ActTCount"; ?>');"> <td>AT<?php echo "$ActTCount"; ?></td> <td><?php 
echo "$Table_TActivity_Name"; ?></td> <td><?php echo "$Table_TCategory 
$Table_TBuilt_Year $Table_TFuel"; ?></td> <td><?php echo "$Table_TMAmount"; 
?></td> </tr> 
                                    <?php $ActTCount++;} ?> 
                                </tbody> 
                            </table> 
                        </div> 
                    </div><!-- Table Row --> 
                </div> <!-- Activity Transport --> 
                <div role="tabpanel" class="tab-pane" id="ElectricityEquipment"> 
 
                    <div class="row"><br/></div> 
 
                    <div class="row"> 
 
                        <form class="form-horizontal" 
name="FrmElectricityEquipmentActivity" id="FrmElectricityEquipmentActivity" 
action="" method="post" enctype="multipart/form-data"> 
                            <div class="col-md-6" id="FrmElectricityEquipmentActivityDiv"> 
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                                <div class="form-group"> 
                                    <label for="AEEId" class="col-sm-4 control-label">ID</label> 
                                    <div class="col-sm-8"> 
                                        <input type="text" class="form-control" name="AEEId" 
id="AEEId" disabled="disabled" required="" placeholder="ID"> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="ActName" class="col-sm-4 control-label">Activity 
Name</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ActNameEE" 
id="ActNameEE" required="" onchange="AtcElEquipStg(this.value);"> 
                                            <option value="">Select One</option> 
                                            <?php 
                                            // set the pointer back to the beginning 
                                            mysql_data_seek($result_Table_Activity, 0); 
 
                                            while ($row_Table_Activity = 
@mysql_fetch_array($result_Table_Activity)) { 
                                                $Table_Activity_Id = $row_Table_Activity['Activity_Id']; 
                                                $Table_Activity_Name = 
$row_Table_Activity['Activity_Name']; ?> 
                                                <option value="<?php echo "$Table_Activity_Id"; 
?>"><?php echo "$Table_Activity_Name"; ?></option> 
                                            <?php } ?> 
                                        </select> 
                                    </div> 
                                </div> 
348 
 
                                <div class="form-group" id="AtcElEquipStgDiv"> 
                                    <label for="ElEId" class="col-sm-4 control-label">Electricity 
Equipment</label> 
                                    <div class="col-sm-8"> 
                                        <select class="form-control" name="ElEId" id="ElEId" 
required="" readonly=""> 
                                            <option value="">Select One</option> 
                                        </select> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="UsageHours" class="col-sm-4 control-
label">Usage Hours</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" class="form-control" 
name="UsageHours" id="UsageHours" required="" placeholder="Machine Hours"> 
                                            <span class="input-group-addon">hours</span> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <label for="Efficiency" class="col-sm-4 control-
label">Efficiency</label> 
                                    <div class="col-sm-8"> 
                                        <div class="input-group"> 
                                            <input type="text" class="form-control" name="Efficiency" 
id="Efficiency" required="" placeholder="Efficiency"> 
                                            <span class="input-group-addon">%</span> 
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                                        </div> 
                                    </div> 
                                </div> 
                            </div> 
                            <div class="col-md-2"> 
                                <div class="form-group"> 
                                    <button type="submit" name="InsertElectricityEquipment" 
id="InsertElectricityEquipment" class="btn btn-primary"> 
                                        <span class="glyphicon glyphicon-save" aria-
hidden="true"></span> Insert Equipment 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="button" class="btn btn-danger" 
name="DeleteElectricityEquipment" id="DeleteElectricityEquipment" data-
toggle="modal" data-target="#deleteEquipmentModal" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-trash" aria-
hidden="true"></span> Delete Equipment 
                                    </button> 
                                    <!-- Modal --> 
                                    <div class="modal fade" id="deleteEquipmentModal" 
tabindex="-1" role="dialog" aria-labelledby="myModalLabel"> 
                                        <div class="modal-dialog" role="document"> 
                                            <div class="modal-content"> 
                                                <div class="modal-header"> 
                                                    <button type="button" class="close" data-
dismiss="modal" aria-label="Close"><span aria-
hidden="true">&times;</span></button> 
                                                    <h4 class="modal-title" id="myModalLabel"><span 
class="glyphicon glyphicon-alert" aria-hidden="true"></span> Warning</h4> 
350 
 
                                                </div> 
                                                <div class="modal-body"> 
                                                    <p id="Model_Make"></p> 
                                                    <p id="Model_ModelNumber"></p> 
                                                    <p>Are you sure you want to delete this 
Activity?</p> 
                                                </div> 
                                                <div class="modal-footer"> 
                                                    <button type="button" class="btn btn-default" data-
dismiss="modal">Close</button> 
                                                    <button type="submit" 
name="DeleteElectricityEquipmentS" id="DeleteElectricityEquipmentS" class="btn 
btn-danger"><span class="glyphicon glyphicon-trash" aria-hidden="true"></span> 
Delete</button> 
                                                </div> 
                                            </div> 
                                        </div> 
                                    </div> 
                                </div> 
                                <div class="form-group"> 
                                    <button type="submit" name="UpdateElectricityEquipment" 
id="UpdateElectricityEquipment" class="btn btn-warning" disabled="disabled"> 
                                        <span class="glyphicon glyphicon-edit" aria-
hidden="true"></span> Update Equipment 
                                    </button> 
                                </div> 
                                <div class="form-group"> 
                                    <script type="text/javascript" language="JavaScript">var 
FrmElectricityEquipment = ["AEEId", "ActNameEE", "ElEId", "UsageHours", 
"Efficiency"];</script> 
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                                    <button type="button" name="ClearElectricityEquipment" 
id="ClearElectricityEquipment" class="btn btn-success" 
onclick="clearFrm('ElectricityEquipment',FrmElectricityEquipment);"> 
                                        <span class="glyphicon glyphicon-erase" aria-
hidden="true"></span> Clear Equipment 
                                    </button> 
                                </div> 
                            </div> 
                        </form> 
                        <div class="col-md-4"> 
                            <div class="panel panel-info"> 
                                <div class="panel-heading">Instructions</div> 
                                <div class="panel-body"> 
                                    <p>Please enter all Machine Activity details used in the 
project.</p> 
                                    <p>Don't see your Activities?<br/><a href="../Activity/" 
class="btn btn-info">View Activities</a></p> 
                                </div> 
                            </div> 
                            <div id="Less"> 
                                <!-- Less Emission --> 
                            </div> 
                            <div class="alert alert-danger alert-dismissible" role="alert" 
id="altrAEE" style="visibility: hidden;"> 
                                <!-- Error Message for Electricity Equipment --> 
                            </div> 
                        </div> 
                    </div> 
                    <div class="row"> 
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                        <div class="col-md-12 tablediv"> 
                            <table  class="display table table-hover table-bordered" 
id="electricityEquipmentActivity"> 
                                <thead> 
                                    <tr class="active"> <th>#</th> <th>Activity name</th> 
<th>Electricity Equipments</th> <th>Usage Hours</th> <th>Efficiency</th> 
<th>Emissions</th> </tr> 
                                </thead> 
                                <tbody> 
                                <?php $EEqActCount = 1; 
                                //Select Equipment Activity 
                                $query_Table_EAnalysisActivity = "SELECT 
a.Activity_Id,act.Activity_Name,a.electricity_equipments_Id,e.electricity_equipments
_Name,a.UsageHours,a.Efficiency,a.Emissions FROM 
activity_electricity_equipments AS a JOIN activity AS act ON a.Activity_Id = 
act.Activity_Id JOIN analysis_for_electricity_equipments AS e ON 
a.electricity_equipments_Id = e.electricity_equipments_Id WHERE a.Project_Id = 
'$Project_Id' AND a.User_Id = '$User_Id' ORDER BY a.Activity_Id, 
a.electricity_equipments_Id ASC;"; 
                                $result_Table_EAnalysisActivity = 
mysql_query($query_Table_EAnalysisActivity); 
                                if (!$result_Table_EAnalysisActivity) { 
                                    die('Invalid query: ' . mysql_error()); 
                                } 
                                while ($row_Table_EAnalysisActivity = 
@mysql_fetch_array($result_Table_EAnalysisActivity)) { 
                                    $Table_Activity_Id = 
$row_Table_EAnalysisActivity['Activity_Id']; 
                                    $Table_electricity_equipments_Id = 
$row_Table_EAnalysisActivity['electricity_equipments_Id']; 
                                    $Table_Activity_Name = 
$row_Table_EAnalysisActivity['Activity_Name']; 
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                                    $Table_electricity_equipments_Name = 
$row_Table_EAnalysisActivity['electricity_equipments_Name']; 
                                    $Table_UsageHours = 
$row_Table_EAnalysisActivity['UsageHours']; 
                                    $Table_Efficiency = 
$row_Table_EAnalysisActivity['Efficiency']; 
                                    $Table_Emissions = 
$row_Table_EAnalysisActivity['Emissions']; ?> 
                                    <tr onclick="UpdateAElectricityEquipment(<?php echo 
"$Table_Activity_Id"; ?>,<?php echo "$Table_electricity_equipments_Id"; ?>,<?php 
echo "$EEqActCount"; ?>);"> 
                                        <td>AE<?php echo "$EEqActCount"; ?></td> 
                                        <td><?php echo "$Table_Activity_Name"; ?></td> 
                                        <td><?php echo "$Table_electricity_equipments_Name"; 
?></td> 
                                        <td><?php echo "$Table_UsageHours"; ?></td> 
                                        <td><?php echo "$Table_Efficiency"; ?> %</td> 
                                        <td><?php echo "$Table_Emissions"; ?> tons</td> 
                                    </tr> 
                                    <?php $EEqActCount++; } ?> 
                                </tbody> 
                            </table> 
                        </div> 
                    </div> <!-- Table Row --> 
                </div> <!-- Activity Electricity Equipment --> 
            </div> 
        </div> <!-- row --> 
 
    </div> <!-- container --> 
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    <!-- Footer --> 
    <footer class="bs-docs-footer" role="contentinfo"> 
        <div class="container"> 
            <p class="text-muted">CEET Online 2015</p> 
        </div> 
    </footer> 
    <!--jquery 1.11.3--> 
    <script src="../_include/js/jquery-1.11.3.min.js"></script> 
    <!-- Bootstrap Latest compiled and minified JavaScript --> 
    <script src="../_include/lib/bootstrap-3.3.6-dist/js/bootstrap.min.js"></script> 
    <!-- DataTables --> 
    <script type="text/javascript" language="javascript" 
src="../_include/lib/DataTables-1.10.10/js/jquery.dataTables.min.js"></script> 
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src="../_include/lib/DataTables-1.10.10/js/dataTables.bootstrap.min.js"></script> 
    <!--Bootstrap Tab auto load--> 
    <script type="text/javascript" language="JavaScript"> 
        $(function () { 
            $('#entryTab li:eq(<?php 
            if ( (isset($_POST["InsertActivity"])) || (isset($_POST["DeleteActivity"])) 
||(isset($_POST["UpdateActivity"])) ) { echo "0"; } 
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(isset($_POST["DeleteEquipment"])) || (isset($_POST["UpdateEquipment"])) ) { echo 
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|| (isset($_POST["UpdateMaterial"])) ) { echo "2"; } 
            elseif ( (isset($_POST["InsertTransport"])) || 
(isset($_POST["DeleteTransport"])) || (isset($_POST["UpdateTransport"])) ) { echo 
"3"; } 
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            elseif ( (isset($_POST["InsertElectricityEquipment"])) || 
(isset($_POST["DeleteElectricityEquipment"])) || 
(isset($_POST["UpdateElectricityEquipment"])) ) { echo "4"; } 
            else { echo "0"; } 
            ?>) a').tab('show'); 
        }); 
    </script> 
    <!-- Data Tables --> 
    <script type="text/javascript" language="JavaScript" class="init"> 
        $(document).ready(function() { 
            $('#activity').DataTable({ 
                "order": [[ 0, "asc" ]] 
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        } ); 
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356 
 
            }); 
        } ); 
        $(document).ready(function() { 
            $('#electricityEquipmentActivity').DataTable({ 
                "order": [[ 0, "asc" ]] 
            }); 
        } ); 
    </script> 
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    </script> 
    <?php if($ceet_error[0]=="true"){ ?> 
        <!-- Error Messages --> 
        <script type="text/javascript" language="JavaScript"> 
            $('#altr<?php echo $ceet_error[1]; ?>').append('<button type="button" 
class="close" data-dismiss="alert" aria-label="Close"><span aria-
hidden="true">&times;</span></button><p><span class="glyphicon glyphicon-alert" 
aria-hidden="true"></span><span class="sr-
only">Error:</span>&nbsp;<strong>Warning!</strong> Better check the following 
pages inserted quantity.<br/><abbr title="InputData" 
class="initialism">InputDate</abbr> : <?php echo $ceet_error[2]; ?><br/><abbr 
title="Activity" class="initialism">Activity</abbr> : <?php echo $ceet_error[3]; 
?><br/><?php echo $ceet_error[4]; ?></p>').css("visibility","");/*hidden*/ 
        </script> 
    <?php } ?> 
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    <!-- Clear Form --> 
    <script type="text/javascript" language="JavaScript"> 
        function clearFrm(frmName,fildes){ 
            $('#Insert'+frmName).prop('disabled', false); 
            $('#Delete'+frmName).prop('disabled', true); 
            $('#Update'+frmName).prop('disabled', true); 
 
            $.each(fildes, function(index, value){ 
                $('#'+value).val(''); 
            }); 
            if(frmName == 'Activity'){$('#ActId').val('<?php echo "Act".$ActCount; ?>');} 
            else if(frmName == 'Equipment'){$('#AEId').val('<?php echo 
"AE".$EqActCount; ?>');} 
            else  if(frmName == 'Material'){$('#AMId').val('<?php echo "AM".$ActMCount; 
?>');} 
            else if(frmName == 'Transport'){$('#ATId').val('<?php echo "AT".$ActTCount; 
?>');$('#MetalicTran').text('');} 
            else if(frmName == 'ElectricityEquipment'){$('#AEEId').val('<?php echo 
"AEE".$EEqActCount; ?>');} 
        } 
    </script> 
    <!-- Less Equipment Emission --> 
    <script type="text/javascript" language="JavaScript"> 
        function lessEmission(str) { 
            var request = $.ajax({ 
                url: "LessEmission.php", 
                data: { 
                    Equipment: str, 
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                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
 
            request.done(function(msg) { 
                $("#Less").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Less Material Emission --> 
    <script type="text/javascript" language="JavaScript"> 
        function lessEmbodied(str) { 
            var request = $.ajax({ 
                url: "LessEmbodied.php", 
                data: { 
                    Material: str, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
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            }); 
            request.done(function(msg) { 
                $("#LessE").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Update Activity --> 
    <script type="text/javascript" language="JavaScript"> 
        function UpdateActivity(act,tid) { 
            $('#InsertActivity').prop('disabled', true); 
            $('#DeleteActivity').prop('disabled', false); 
            $('#UpdateActivity').prop('disabled', false); 
            var request = $.ajax({ 
                url: "UpdateActivity.php", 
                data: { 
                    Act: act, 
                    TActId: tid 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#FrmActivityDiv").html(msg); 
            }); 
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            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Update Equipment Activity --> 
    <script type="text/javascript" language="JavaScript"> 
        function UpdateAEquipment(act,eq,tid) { 
            $('#InsertEquipment').prop('disabled', true); 
            $('#DeleteEquipment').prop('disabled', false); 
            $('#UpdateEquipment').prop('disabled', false); 
            var request = $.ajax({ 
                url: "UpdateAEquipment.php", 
                data: { 
                    Act:act, 
                    Equipment: eq, 
                    TEqId: tid, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#FrmEquipmentActivityDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
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                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Activity Stage Equipment --> 
    <script type="text/javascript" language="JavaScript"> 
        function ActEquipStg(act) { 
            var request = $.ajax({ 
                url: "Stage/ActEquipStg.php", 
                data: { 
                    Act: act, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#ActEquipStgDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Update Materials Activity --> 
    <script type="text/javascript" language="JavaScript"> 
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        function UpdateAMaterials(act,m,tid) { 
            $('#InsertMaterial').prop('disabled', true); 
            $('#DeleteMaterial').prop('disabled', false); 
            $('#UpdateMaterial').prop('disabled', false); 
            var request = $.ajax({ 
                url: "UpdateAMaterial.php", 
                data: { 
                    Act:act, 
                    Material: m, 
                    TMId: tid, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#FrmMaterialActivityDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
 
    <!-- Activity Stage Materials  --> 
    <script type="text/javascript" language="JavaScript"> 
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        function ActMatStg(act) { 
            var request = $.ajax({ 
                url: "Stage/ActMatStg.php", 
                data: { 
                    Act:act, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#ActMatStgDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Transport Materials --> 
    <script type="text/javascript" language="JavaScript"> 
        function transportM(str) { 
            var request = $.ajax({ 
                url: "TransportDescription.php", 
                data: { 
                    TDId: str 
                }, 
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                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#MetalicTran").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Activity Stage Transport --> 
    <script type="text/javascript" language="JavaScript"> 
        function ActTranStg(act) { 
            var request = $.ajax({ 
                url: "Stage/ActTranStg.php", 
                data: { 
                    Act:act, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
 
            request.done(function(msg) { 
                $("#ActTranStgDiv").html(msg); 
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            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Update Transport Activity --> 
    <script type="text/javascript" language="JavaScript"> 
        function UpdateATransport(act,t,tid) { 
            $('#InsertTransport').prop('disabled', true); 
            $('#DeleteTransport').prop('disabled', false); 
            $('#UpdateTransport').prop('disabled', false); 
 
            var request = $.ajax({ 
                url: "UpdateATransport.php", 
                data: { 
                    Act:act, 
                    Transport: t, 
                    TTId: tid, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#FrmTransportActivityDiv").html(msg); 
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            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
    <!-- Activity Stage Electricity Equipment --> 
    <script type="text/javascript" language="JavaScript"> 
        function AtcElEquipStg(act) { 
            var request = $.ajax({ 
                url: "Stage/AtcElEquipStg.php", 
                data: { 
                    Act:act, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#AtcElEquipStgDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
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    <!-- Update Electricity Equipment Activity --> 
    <script type="text/javascript" language="JavaScript"> 
        function UpdateAElectricityEquipment(act,ee,tid) { 
            $('#InsertElectricityEquipment').prop('disabled', true); 
            $('#DeleteElectricityEquipment').prop('disabled', false); 
            $('#UpdateElectricityEquipment').prop('disabled', false); 
            var request = $.ajax({ 
                url: "UpdateAElectricityEquipment.php", 
                data: { 
                    Activity:act, 
                    ElectricityEquipment: ee, 
                    EETId: tid, 
                    pro:<?php echo "$Project_Id"; ?>, 
                    usr:<?php echo "$User_Id"; ?> 
                }, 
                type: "POST", 
                dataType: "html" 
            }); 
            request.done(function(msg) { 
                $("#FrmElectricityEquipmentActivityDiv").html(msg); 
            }); 
            request.fail(function(jqXHR, textStatus) { 
                alert( "Request failed: " + textStatus ); 
            }); 
        } 
    </script> 
</body> 
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</html> 
<?php mysql_close($link); ?> 
E.6 ACTIVITY EMISSIONS – ELECTRICITY EQUIPMENT EMISSIONS 
CALCULATION 
<?php 
//Selecting Total Transportation 
$query_Select_Emission1 = "SELECT Emission1 FROM electricity;"; 
$result_Select_Emission1 = mysql_query($query_Select_Emission1); 
if (!$result_Select_Emission1) { 
    die('Invalid query: ' . mysql_error()); 
} 
$row_Select_Emission1 = @mysql_fetch_array($result_Select_Emission1); 
    $Table_Emission1 = $row_Select_Emission1["Emission1"]; 
$Electricity_Emission=(($UsageHours*$Efficiency)*$Table_Emission1)/1000; 
?> 
E.7 ACTIVITY EMISSIONS – PETROLEUM EQUIPMENT EMISSIONS 
CALCULATION 
<?php 
    //Select Analysis for Equipment 
    $query_Table_AnalysisEquipment = "SELECT Model, HC_emissions 
,CO_emissions ,NOx_emissions ,CO2_emissions ,PM_emissions ,SO2_emissions 
FROM analysis_for_equipment WHERE Machine_Id = '$Machine_Id' AND 
Project_Id = '$Project_Id' AND User_Id = '$User_Id' ORDER BY Machine_ID ASC;"; 
    $result_Table_AnalysisEquipment = 
mysql_query($query_Table_AnalysisEquipment); 
    if (!$result_Table_AnalysisEquipment) { 
        die('Invalid query: ' . mysql_error()); 
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    } 
    $row_Table_AnalysisEquipment = 
@mysql_fetch_array($result_Table_AnalysisEquipment); 
        $Table_Model = $row_Table_AnalysisEquipment["Model"]; 
        $Table_AHC_emissions = $row_Table_AnalysisEquipment['HC_emissions']; 
        $Table_ACO_emissions = $row_Table_AnalysisEquipment['CO_emissions']; 
        $Table_ANOx_emissions = $row_Table_AnalysisEquipment['NOx_emissions']; 
        $Table_ACO2_emissions = $row_Table_AnalysisEquipment['CO2_emissions']; 
        $Table_APM_emissions = $row_Table_AnalysisEquipment['PM_emissions']; 
        $Table_ASO2_emissions = $row_Table_AnalysisEquipment['SO2_emissions']; 
    $HC = $UsageHours*$Table_AHC_emissions; 
    $CO = $UsageHours*$Table_ACO_emissions; 
    $NOx = $UsageHours*$Table_ANOx_emissions; 
    $CO2 = $UsageHours*$Table_ACO2_emissions; 
    $PM = $UsageHours*$Table_APM_emissions; 
    $SO2 = $UsageHours*$Table_ASO2_emissions; 
E.7 ACTIVITY EMISSIONS – MATERIAL EMISSIONS CALCULATION 
<?php 
    //Select EC Coefficient 
    $query_Select_EC_coefficient = "SELECT EC_coefficient FROM 
material_description WHERE Md_Id = (SELECT Description FROM 
analysis_for_materials WHERE Material_Id = '$Material_Id');"; 
    $result_Select_EC_coefficient = mysql_query($query_Select_EC_coefficient); 
    if (!$result_Select_EC_coefficient) { 
        die('Invalid query: ' . mysql_error()); 
    } 
    $row_Select_EC_coefficient = 
@mysql_fetch_array($result_Select_EC_coefficient); 
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        $EC_Coefficient = $row_Select_EC_coefficient["EC_coefficient"]; 
    $EmbodiedEmissions = $Material_Amount * $EC_Coefficient; 
?> 
E.8 ACTIVITY EMISSIONS – TRANSPORT EMISSIONS CALCULATION 
<?php 
    $TDId = $_POST["TDId"]; 
    include ("../Connection/Connection.php"); 
 
    //Select Analysis for Transportation 
    $query_Table_ATransportation = "SELECT mi.MI_Name, md.Description, 
md.Country FROM analysis_for_materials AS am JOIN material_index AS mi ON 
am.Material_Type = mi.MI_Id JOIN material_description AS md ON am.Description 
= md.Md_Id WHERE am.Material_Id = (SELECT Material_Name FROM 
analysis_for_transportation WHERE Transportation_Id = '$TDId');"; 
    $result_Table_ATransportation = mysql_query($query_Table_ATransportation); 
    if (!$result_Table_ATransportation) { 
        die('Invalid query: ' . mysql_error()); 
    } 
    $row_Table_ATransportation = 
@mysql_fetch_array($result_Table_ATransportation); 
        $Table_Material_Name = $row_Table_ATransportation['MI_Name'] . " " . 
$row_Table_ATransportation['Description'] . " " . 
$row_Table_ATransportation['Country']; 
    echo ("$Table_Material_Name"); 
?>  
